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Abstract of Thesis.
Part 1 comprises an experimental investigation into the 
factors determining the magnitude of the sedimentation potentials 
developed by soft glass falling under gravity through dilute aqueous 
solutions of potassium chloride. The results of these determinations 
established the validity of using a modified form of the streaming 
potential equation to calculate the zeta potentials of solid surfaces 
from sedimentation potential measurements.
Five further solid surfaces are also dealt with, ..i 
sedimentation potentials set up in solutions of potassium chloride and 
barium chloride are determined, and the values of the calculated zeta 
potential compared, where possible, with published data obtained by 
other methods.
Part 2 deals with some investigations of the sedimentation 
potentials developed in non-aqueous solutions.
The majority of the work described is for the sedimentation 
of silica powder through toluene and ether. In view of the inconsistency 
of the results, and the absence of a suitable equation to interpret 
them, the investigations were not continued beyond a few preliminary 
determinations.
A means of using sedimentation potential methods to 
determine the particle size distribution of heterogeneous samples of 
fine powders is described in Part 3*
A theoretical treatment for the calculation of both a
cumulative undersize distribution, and a particle size (or weight) 
distribution of a sample of a fine powder is developed. No knowledge 
of the system concerned is required, other than the rate of change of 
the sedimentation potential with time when an initially uniform 
dispersion of the powder is allowed to sediment under gravity*
Particle size distributions calculated using experimental 
values obtained from suspensions of carborundum powder and Pyrex 
spheres are in fair agreement \yith the results obtained by microscopic 
counting and sizing.
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General Introduction.
2General Introduction.
In general, when an interface is formed between
an ionic liquid and a solid phase, preferential adsorption of ions of
one sign onto the solid surface takes place. This results in an overall
surface charge, which brings about the formation of a second layer in
the surrounding liquid, containing an equal excess of ions of the
opposite sign. This is known as the 1 diffuse layer*, and effectively
renders the ’surface phase* electrically neutral .
This is the basis of the theories of Gouy (2), Chapman (})» 
”and Debye and Huckel (k) who considered the surface charge of the 
solid phase to be balanced by an opposite charge in the solution, 
consisting of ions attracted towards the surface, but spread out into 
the bulk of the liquid by thermal diffusion forces. The Debye-Huckel 
(*f) treatment showed that the degree of dispersion of this outer 
charged layer should increase with dilution.
In these theories the ions in the diffuse layer were 
considered as point charges, and their motion under thermal dispersion 
forces taken into account by assuming that their average concentration
I ' -
n^ in a given region could be calculated from the average value of the
/
electrical potential -\|r in that region by means of the Boltzmann 
theorem.
* B , "zieni = n. exp. (  ----- ) .
kT
B
Where* n. = concentration of ions i in the bulk of thei
solution, at sufficient distance from the surface 
for the potential to be zero.
3z^ = algebraic valency of ions i.
e = electronic charge,
k = Boltzmann constant*
T = absolute temperature.
The Boltzmann expression was then combined with the 
appropriate form of Poisson’s equation for a flat surface.
d2\fr b 7\f>
dx2 f
Where, p  = the charge density at a distance x from
the surface.
£ = the dielectric constant of the medium.
The following expression was then derived for the charge 
per square cm. <Tl of the Gouy diffuse layer*
2nB£ kT y ze-vk
CT = ( -------  T  sinh (---- 1- ) .
7^  2kT
Where, = the electrical potential at the interface
between the solid and the diffuse layer.
g
n = total number of charge determining ions per 
unit volume of bulk solution.
This equation is true only for a symmetrical electrolyte. 
The Gouy-Chapman theory, outlined above, suffers from a 
number of defects. When the extension of the diffuse layer is 
considerable, as in dilute solutions, it appears permissible to neglect
the finite dimensions of the ions, and to consider them as point
-3changes, but in electrolyte solutions approaching 10 N, the theory
may lead to absurdly high concentrations of counter ions near the
surface. This has been pointed out by Bikerman (3) and Verwey and
Overbeek (6) who showed that if the double layer potential should have
the not unreasonable value of 300 millivolts, a concentration of
counter ions of 160N would be required near the surface for a
-.3
concentration in the bulk solution of 10 N.
Stern (7) proposed alterations to the model of the 
electrical double layer visualised by Gouy, and considered the charge 
in the liquid phase to be divided into two distinct zones.
a) A charge cT-^  due to ions held strongly to the charged surface
by specific chemical adsorption forces and concentrated in a
plane a small distance d from the wall, where d is assumed to
—8be of the order of 10~ cms. This necessitates a ’fixed1 layer 
of approximately uni-ionic thickness.
b) A charge cT ^ consisting of ions attracted towards the fixed
layer by electrical forces, but spread out into a diffuse
space charge similar to the diffuse layer proposed by Gouy.
According to the Stern theory, the electrical potential 
declines linearly within the fixed layer, as between the plates of an 
electrical condenser, and finally tends to zero in the bulk of the 
solution, via the diffuse layer. Stern has also proposed an equation 
containing three principal terms, which represent the number and the 
charge of the ions in each zone of the electrical double layer -
O '  = the charge on the solid surface. 1
C T ( » the charge in the fixed layer. !j
CT^  * the charge in the diffuse layer. [j
In order to preserve overall neutrality - ]\
- cf* = &  i + •
This may be considered a major improvement upon the Gouy 
theory, primarily because a distinction is drawn between the total 
potential Q  across the whole double layer (Nernst potential), and 
the potential rd across the diffuse layer.
When a shearing force is applied parallel to the solid- 
liquid interface, a separation of charge normally results due to the 
fact that ions in the diffuse layer are influenced by both hydrostatic 
and electric fields. This separation, which gives rise to the various 
electrokinetic effects discussed later, can be brought about either 
by direct physical movement of one of the two phases or, as mentioned
above, by motion resulting from an applied electric field.
In general, all electrokinetic measurements are directed
at determining the value of the electrical potential at the plane of
shear, i.e. the ’zeta potential', £  •
It has been realised for many years that the zeta potential 
^  differs from the potential across the whole double layer, but 
some doubt exists as to the exact location of the plane of shear,
Relative motion of the charged layers  ^and & ^  must be involved, 
but it is not generally accepted that corresponds exactly to
although it would appear from general considerations that any immobile 
layer at the surface must consist of ions held by definite adsorption 
and not merely in equilibrium under electrostatic and kinetic 
dispersion forces* For the purpose of comparing different electro­
kinetic phenomena however, it is necessary to assume that whatever 
type of force is employed the plane of shear is always in a constant 
position with relation to the ion atmosphere surrounding the solid 
surface•
The principal electrokinetic effects, all of which have 
been investigated to varying degrees by different workers, are 
summarised below*
a) Cataphoresis or Electrophoresis.
The movement of solid 
resulting from the application of an electric field to a 
suspension of particles* The systems generally studied have a 
particle radius sufficiently small such that the electrophoretic 
velocity is large compared to the effects of gravity*
b) Electro-osmosis or Electro-endosmosis*
The movement of a 
liquid phase reative to a stationary solid surface due to the 
application of an electric field. In general, experimental 
methods employ either a narrow capillary tube or a diaphragm 
(or pad) of the particular material under investigation*
c) Electro-osmotic Pressure *
The pressure developed by the system
■ iiiiiiiiir iiii ibiiirtft>iiiiiiiifinrfftfiriiiiM ]nii j ' ,,- » ^ w^innBMMMtiiiiiiB«M>ii.iiiiiMi.iii
*■
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outlined in b) when liquid flow is prevented,
d) Streaming Potential.
The potential difference set up when a 
liquid is forced past a stationary solid surface by external
pressure. In general, either a narrow capillary or a diaphragm 
(or pad) is used for experimental determinations on the 
particular material under investigation.
e) Electroviscous Effect.
of a suspension of particles due to the charge present on their 1
surface. A new method for determining zeta potentials was 
proposed in 19^9 by Elton (8). This involves recording the ,
change in the sedimentation velocity of a suspension of small j
v I
particles with variation in surface charge. j
f) Sedimentation Potential.
a suspension of particles falling under gravity. This electro-
The respective advantages and applications of the different 
methods for determining the zeta potential of solid surfaces in ionic
The increase in the effective viscosity
The potential difference set up by
kinetic effect forms the basis of the present studies, 
s) Centrifugation Potentials
The application of f) to systems 
having very small particle radii (e.g. sols), and thus
requiring the use of centrifugation techniques to ensure a
reasonable settling rate*
8solutions are discussed in Section k (page 119)» together with a 
comparison between results from the more reliable techniques and 
values obtained from the present studies.
00O00
PART 1.
A ^tudy of Sedimentation Potentials in Aqueous Solutions.
Section 1.
Introduction.
10
Introduction,
In 1878 Dorn (9) discovered that when a powdered 
solid was allowed to settle under gravity through a liquid contained 
in a glass tube, a * sedimentation potential* was developed between 
different levels in the solution. Since that time however, no 
systematic investigations of a quantitative nature have been undertaken 
in aqueous solutions, except for preliminary experiments carried out 
in 19^0 by Quist and Washburn (10), who studied the potentials set up 
by sieved samples of Pyrex glass particles, principally in solutions 
of sodium, chloride•
The present work was therefore undertaken in an attempt, I
firstly, to establish the factors directly influencing the magnitude 
of the sedimentation potential, and secondly, to establish a governing |
equation whereby it would be possible to use the method to determine 
the values of the zeta potential of various solids in different 
electrolyte solutions. In order to obtain, as far as possible, an j
indication of the order of the potentials to be expected, a thorough 
investigation was made into the published results of all previous j# 
workers, a summary of which are given below. \
1) J.Billitzer 1902 (11).
Investigated the sedimentation potentials 
developed by allowing particles of fine silver wire, each wound into 
the form of a spiral, to fall between silver electrodes through 
solutions of silver salts. The apparatus consisted of a glass tube 
80 cms. long and 3.7 cms. diameter, with ring-shaped silver electrodes,
11
x 3.5 cms. diameter, attached to each end. The sedimentation currents 
were recorded on a D’Arsonval galvanometer, but the resulting
potentials were too small (up to 1 millivolt) to perpit a quantitative
*
investigation.
2) E.F.Burton and J.E.Currie 1923 (12).
Allowed a weighed amount
/
of lead shot (about 1 mmi. diameter) to fall through columns of 
different liquids onto a copper cup connected, through quartz tubes, 
to a quadrant electrometer. The shot was released from just above the 
surface of the liquid, and the resulting potentials measured between 
the copper cup and a copper plate situated at the surface of the liquid. 
By this method the sign of the charge on the lead surface was obtained, 
together with an indication of its magnitude. A few of 'he results are 
tabulated below.
Liquid.
_ , ...........----------------- -4----- "*•
Sign of 
charge.
■ —  ........ ~ i
Magnitude of 
charge.
Water. Negative. Large•
Benzene. Negative. Large•
Alcohol Negative. Very small.
Toluene. Negative. Very large.
Ether. None • None.
Turpentine. Positive. Large•
Further investigations also provided distinct evidence of 
scattering of the particles due to mutual repulsion resulting from 
the presence of a charged surface.
Measured the potentials developed by 10 
grms. of pure crystallised galena sedimenting through various aqueous 
nitrate solutions of different concentrations. All experiments were 
carried out in a glass tube 63 cms. long and 3 cms. diameter, using 
material which was sieved between 100 and 320 mesh, thus providing 
a fairly uniform size range. The potentials set up were recorded on a 
quadrant electrometer, via platinum wire electrodes sealed into the 
walls of the tube, 2 cms. from each end. It was realised that, as
ft
suggested by Freundlich and MakeIt (Ih ), the potential difference was 
due to the presence of what is now termed the ’zeta potential1, but 
no correlation was attempted between the two functions*
Some of the results are shown graphically on page 20, where 
it is seen that a positive sign was generally indicated for the charge 
on the galena surface, potentials of up to +230 millivolts being
obtained from silver nitrate solutions.
if) J.J.Hermans 1938 (13).
Published a theoretical paper relating 
the magnitude of the sedimentation potential to the total weight of
solid between the electrodes, for a system having a uniform particle
radius P.
  x —------------  X ------=pr
12 if IT Krj |C>21000A 9 x 10
the sedimentation potential (volts), 
the dielectric constant.
E
Mt " 
Where, E =
€ =
13
= the total weight of solid between the 
electrodes*
£ = the zeta potential (millivolts)*
^ 2  = density of the solid.
^ ^  = density of the liquid.
A = cross sectional area of the sedimentation tube.
ny = viscosity of the solution.
K = specific conductivity of the solution (mhos).
This equation is valid only when the thickness of the 
double layer is small compared to the radius of the particle. Potential 
gradients of approximately 10 millivolts were predicted for large 
particles falling through distilled water under gravity.
Hermans also showed that the relaxation force occuring 
during sedimentation is less than 1% of the Stokes resistance and is 
thus negligable for all practicable purposes.
5) Quist and Washburn 19^0 (10).
Carried out investigations on . 
sieved samples of Pyrex glass particles in aqueous solutions of 
sodium chloride, using an apparatus similar to that adopted for the 
present studies (pages 23 and 29). A constant stream of particles was 
allowed to sediment through the electrolyte solution contained in a 
Pyrex tube, the potentials set up being recorded on a valve voltmeter, 
via silver-silver chloride electrodes contained in small side arms 
(page 33).
Use was made of the familiar Smoluchowski electrokinetic 
equation normally applied to streaming potential measurements.
Ik
_ s = g ^ x _________
P ifTT-yKlOOO 9 X lo11
Where, Eg = the streaming potential (volts).
P = the hydrostatic pressure difference.
£ - the zeta potential (millivolts).
K = the specific conductivity of the solution (mhos);
This equation can be modified to a form suitable for 
sedimentation potential determinations by considering the hydrostatic 
pressure P as being equivalent to the function -
(HAn)mg( ^  ^ )
A
Where, n = the number of particles of radius R per unit
volume of suspension between the electrodes, 
m = the weight of a particle radius R.
H = the distance between the electrodes.
Hence, the sedimentation potential E for a system of 
uniform radius can be represented by -
M%((J 2- 1
 :--  x ----
k 77"<^ K (> ^ 1000 9 x 10*
E a  X  3X . (1)
Where, M = total weight of solid per unit volume of
suspension between the electrodes.
No correction was necessary for surface conductance since
15
the particle concentration during sedimentation was always less than 
0.005 ccs. per unit volume of suspension, thus ensuring that the 
change in the specific conductivity of the electrolyte solution due to 
the presence of solid particles, was negligible compared to the overall 
experimental error.
The above equation was used by Quist and Washburn to
calculate the magnitude of the zeta potential for Pyrex glass in
redistilled water of specific conductivity approximately l.*f gemmhos. 
The resulting value of -110 millivolts is in reasonable agreement with 
the figure of -130 millivolts, calculated by Ghosh, Choudhury, and De
(16) from the results of Wijga (17) using streaming potential methods
in potassium nitrate solutions.
-kThe value of the sedimentation potentials obtained in 2,0
-5and^lO N solutions of sodium chloride are tabulated on page 100, and
compared with data from the present studies in graph 11 (page 102).
In addition, the variation of the potential with
concentration was observed in solutions of both barium and aluminium
chlorides using a given sample of Pyrex at a fixed rate of flow. As
shown in graph 2 (page 21), a change in the sign of the potential
-5occured at a concentration of approximately 10 N in solutions 
containing the trivalent cation, due to its ready adsorption into the 
surface layet** This is analagous to the results obtained by Dulin and 
Elton (18) for silica in lanthanum chloride solutions using 
sedimentation velocity techniques.
Investigations on galena indicated a negative surface 
charge when in contact with water.
16
6) F.Booth 1951 (19)«
More recently Booth has published a 
theoretical paper in which he proposes that, except for a region very 
near the surface, the potential due to particles sedimenting in an 
electrolyte solution can be considered as equivalent to an electrical 
dipole having its axis vertical and a centre coincident with that of 
the particle. The effective dipole moment can then be expressed as a 
power series in the zeta potential of the surface. The resulting 
functions are, however, subject to the conditions listed below -
a) Uniformity of dielectric constant, coefficient of viscosity, 
and ionic mobilities in the immediate vicinity of the surface 
of the solid.
b) No surface conductance.
c) No variation in surface charge density during sedimentation.
d) No appreciable conduction through the body of the particle*
If the assumption is made that all ionic mobilities are 
equal, which is very nearly true in potassium chloride solutions, 
then the theoretical expression derived for the potential between two 
levels in a suspension of particles sedimenting under gravity through 
potassium or barium chloride solutions of varying concentrations 
reduces to the modified streaming potential equation shown on page 14*
7) G*A.H.Elton 1951 (8).
published a theoretical paper deriving 
an expression which was subsequently sucessfully used to calculate 
values of the zeta potential from sedimentation velocity measurements
(20, 21, and 22).
Consider a suspension of uniform particles of any given H
i[
shape, each of surface area A, sedimenting at a velocity u through an
electrolyte solution of specific conductivity K. Let the charge per j
up.it area of surface be cT , Then the sedimentation potential gradient
E set up is given by - 
S i
ANucr
E =    . (2)
e  K  . . . .  !■
j
Where, N = number of particles per unit volume of suspension. 1
This equation is then extended to obtain a function
h
relating the ohange in the velocity of sedimentation due to electro- | 
viscosity with the factors defining the system being considered.
From (2) however, the sedimentation potential developed 
between two levels, H cms. apart is given by -
ANuHcT 
E =-- -----  .
- K. .
Finally, some investigations have been carried out by 
G.Jacobs (23) using centrifugation potential methods on sols.
Quinhydrone electrodes were used to avoid polarisation, and in order 
to increase the measured potential, 16 centrifugation elements were 
connected in series. A Cambridge Valve Voltmeter was used to measure 
the potentials developed.
Rutgers (2^ ) has studied Agl sols by a similar technique, 
also using a number of centrifuge tubes connected in series. In this
18
case however platinum electrodes were employed.
From a study of the past work, no definite evidence emerges 
as to the factors governing the magnitude of the potentials developed, 
although preliminary indications appear to favour the modified 
streaming potential equation. This expression however involves a weight 
term only, and is therefore independent of the surface area of the 
particles, whereas the reverse is true of the function applied to 
sedimentation velocity measurements, a discrepancy difficult to neglect 
owing to the proven validity of both equations. In addition, the 
theoretical treatment of Hermans (15) predicts a value of zeta differing 
by a factor of from the figures given by equation (1).
With regard to the order of the potentials to be expected, 
Bull (13) obtained values of up to +230 millivolts from pure galena 
in silver nitrate solutions (page 12) using platinum electrodes, 
whereas the experiments of Quist and Washburn (10), using silver-silver 
chloride electrodes and Pyrex glass particles, only covered the range 
0-6.7 millivolts. In addition, a difference of opinion appears to exist 
between the two workers as to the sign of the surface charge on galena.
It was therefore decided to divide the present work into 
two parts, the first of which (Section 3) would be devoted to 
determining factors directly affecting the measured sedimentation 
potential, and establishing, if possible, the relevant governing 
equation. The principal features requiring investigation appeared to be-
a) The variation of the sedimentation potential with the amount of 
solid between the electrodes.
19
b) The effect on the sedimentation potential of variation in the 
current drain from the system,
c) The effect of liquid turbulence on the measured potential,
d) The variation of the sedimentation potential with the size of
the experimental material.
e) The effect on the measured sedimentation potential of change 
in electrode distance.
f) The dependence of the potentials developed on the size of the 
electrodes used.
g) The possible use of different types of electrodes.
As previously mentioned, a modified Quist and Washburn
apparatus was adopted for all experimental measurements with aqueous 
solutions (pages 23 and 29)» the resulting potentials being recorded, 
via silver-silver chloride electrodes,on a sensitive valve voltmeter, 
described in Section 2b. A description of all apparatus, materials,
and techniques is given in Section 2, and the results of the
investigations carried out in Section 3 are summarised on page 91•
In the second part of the work the method was extended to
the determination of the zeta potentials of different solids in 
electrolyte solutions of varying cation valency.
Sections 4 and 3 deal with five further materials, other 
than soft glass, in solutions of both potassium and barium chloride.
ooOoo
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PART 1.
A Study of Sedimentation Potentials in Aqueous Solutions.
Section 2,
Apparatus, Materials, and Technique.
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SECTIQH 2a.
1) Description and Use of the Sedimentation Apparatus,
The apparatus designed by 
Quist and Washburn (10)(page 13), who carried out preliminary work 
using Pyrex particles, was considered to satisfy the major requirements 
in design, namely -
a) Adequate protection of the solid and solution from contamination,
b) Reproducibility of measurements,
c) Control over the rate of flow of solid particles.
d) Convenient removal and replacement of electrodes,
A slightly modified form, using fewer electrodes (Fig, 1, 
page 29) was adopted for all experimental work and proved completely 
satisfactory.
The apparatus consisted essentially of two Pyrex > ■ :
compartments, 3*3 cms. diameter, joined by a wide bore tap B and a 
bypass tube D, The lower compartment was 35 cms, long, and into points 
8, 28, and kS cms. from its upper end were sealed Pyrex side arms 
1.3 cms. diameter and 3 cms. long, terminating in a Bl*f socket. These 
arms were directly above one another and were used for insertion of the 
silver-silver chloride electrodes (page 33)* A tap C was sealed onto 
the lower end of the cell, as shown in the diagram.
The top compartment was 22 cms, in length, its main function 
being to act && a r-etaining vessel for the sedimenting solid. The bypass
2k
tube was to allow the movement of liquid displaced during the flow of 
solid from the upper compartment to the lower. The taps A, B, and C 
were all of 5 mms. bore, and Apiezon N grease was sparingly used to 
ensure easy manipulation and prevent leakage.
The experimental procedure for a particular material was to j
■ ■ . ■ . -i
take a known weight of the clean, dry, sieved solid (page 35) and „ j
transfer it to a clean, stoppered, graduated flask of capacity one
litre, where it was washed several times with equilibrium water to
remove any soluble surface layer which might have been formed by
drying. This has been shown to occur with fused silica by Benton (25)*.
who found that the addition of the dry solid to conductivity water
caused an immediate and considerable increase in the measured specific
conductivity. This increase was directly proportional to the surface
area of silica present. However, several washings appeared to remove
this soluble layer, since no increase in conductivity was then
apparent. Drying of the solid at 120°C caused a repetition of the
phenomenon, which was attributed to the probable existence in solution
of colloidal particles with hydrogen gegenions. Mitchell (26) observed
similar effects with carborundum.
It was found necessary to wash the soft glass spheres over 
a period of several days, owing to their relatively high initial 
solubility in water (page 36).
Generally speaking, experiments in solutions much above
-55 x 10 N gave potentials which were too small (i.e. less than 0.2 mvs. 
even with a high rate of solid flow) to be accurately measured.
Increased electrode distances would have provided results in more 
concentrated solutions, but only at the expense of rendering the
25
apparatus unwieldy, since repeated invertion was necessary (see below).
-5At concentrations below 10 N the measurements tended to 
become less reproducible in spite of the use of smaller electrode 
distances owing to the high internal resistance of the cell. Electrode 
instability at these concentrations was probably a contributory factor.
Usually, potentials for five different concentrations
i
within the permissible range were determined. The solutions were
.If
prepared by adding 25, 50, 75, 100, or 125 mis. of a 5 x 10 N solution 
of the appropriate electrolyte to the washed solid in the litre'flask, 
and making up to the mark. The flask was then shaken for 15 minutes to 
ensure equilibrium between liquid and solid. The apparatus was washed 
out four times with approximately 50 ml* portions of the equilibrated 
liquid, using a Pyrex funnel having an extended stem just small enough 
to pass through tap A.
The flask was then stoppered,, inverted, and when the solid 
had collected in the neck, the stopper was carefully removed over the 
funnel so that all the particles were transfered to the sedimentation 
cell,enough, solution being added to bring the liquid level just above 
the top junction of the bypass tube. By inverting the apparatus, all 
the solid could be collected abrive the closed centre tap B, to which 
was attached a glass pointer traversing a scale held on the stand 
supporting the cell. This allowed convenient rates of flow of solid 
through tap B to be easily reproduced, the absolute value for the flow 
rate being determined by observing the time T taken for all the 
material to pass through the tap.
The cell was clamped vertically in a stand supported on 
rubber, to reduce vibration* The electrodes were connected to the
26
voltmeter, using screened wire, and left for five minutes to come to
equilibrium with the solution. This period was allowed prior to any
potential determinations. With the centre tap opened to the required
extent, the powder flowed through and set up a steady potential,
( ■ 
measured as described in Section 2b. Values for various rates of flow
were determined, usually five for each concentration. Between each
determination, the cell was inverted to recollect the particles above
tap B.
The solid was then returned to the flask by running out 
from the bottom of the lower compartment, and the remaining liquid 
in the apparatus transfered to a conductivity cell (page f^O), where 
the specific conductivity of the solution was determined using a 
conventional 1500 cycles A.C. Wheatstone Bridge network (page A-0).
The temperature of the liquid was also observed, to the nearest 0.1°C.
After washing the solid with conductivity water, the 
concentration was altered by the addition of a different volume of a 
5 x 10 N solution of the particular electrolyte being used.
Preliminary experiments indicated that the system was 
very sensitive to external electrical effects; thermostats and ovens 
caused considerable deflections on the voltmeter, owing to the operation 
of relays. Also, due to the high input resistance of the circuit, 
instability occured in humid conditions. The apparatus was therefore 
enclosed in an earthed metal box (Fig. 2, page 30), access being 
provided by a full-length door, containing a window at the level of the 
centre tap, through which the solid flow could be studied. The interior 
was illuminated via a small additional window at the back. To exclude 
undue moisture, a warm dry stream of air was drawn up past the cell
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by a fan A situated at the top of the box. The air was warmed by two 
15 watt bulbs B, and dried by passage through silica gel pads C, which 
were renewed daily. The scale D was traversed by a pointer attached 
to the centre tap of the apparatus.
Under these conditions the cell gave stable, reproducible 
potentials, and no further trouble was experienced.
The cross sectional area of the sedimentation tube was 
obtained by the standard method of removing from the cell a column of 
water of known length and temperature, which was subsequently weighed. 
Two determinations were made, on different sections of the tube, and 
agreement obtained to 0.6%. A mean value of the cross sectional &re?$i 
of 8.58 sq. cms. was found.
To determine the value of the cell constant of the 
sedimentation apparatus, the resistance was determined between the 
electrodes for various concentrations of potassium chloride solution
of known specific conductivity. A very accurate knowledge of the cell
1
constant was not required, and the mean of these determinations gave 
the following results -
Cell constant between top and bottom electrodes = 6.0.
Cell constant between centre and bottom electrodes = ^.0.
The values of the distances between the electrodes, 
required for later calculation, were as follows -
28
Top electrode to centre electrode 20.1 cms.
Centre electrode to bottom electrode 20.5 cms.
Top electrode to bottom electrode ^0.6 cms.
ooOoo
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2) Preparation of Pure Water.
For the preparation of all 
solutions, ’equilibrium’ water of specific conductivity 0.8-0.9 
gemmhos was used. This was prepared by an ion-exchange method, using 
the apparatus shown in Fig. 3 (page 32). The column A, 20 cms. long 
and 2.5 cms. in diameter, had a sintered glass disc B at the lower 
end, and was packed with ’Biodeminrolit*, a mixed anion and cation 
exchange resin supplied by the Permutite Company. Distilled water of 
specific conductivity approximately 3«0 gemmhos was slowly run in from 
a dropping funnel C, and, after passing through the column, the water 
was collected in the resevoir D, where it was stored until required. 
The tube E contained soda-lime.
The initial conductivity of the water produced was as low 
as 0.2 gemmhos, but this rose rapidly on exposure to the atmosphere 
to an equilibrium value of 0.8-0.9 gemmhos due to the absorption of 
carbon dioxide.
The apparatus was constructed entirely of Pyrex, and all 
the joints were ground glass. Approximately *f0 litres of water could 
be obtained before the column required recharging, and the rate of 
production could be raised to 2 litres per hour with no increase in 
conductivity.
ooOoo
PREPARATION OF CONDUCTIVITY
WATER
3) The Preparation of Silver-Silver Chloride Electrodes. |j
■ Silver- J j
silver chloride electrodes were adopted initially, since investigation 
by Quist and Washburn (10) had shown them to be satisfactory for this
type of work. Preliminary results showed them to be very stable, and j;
!
they were subsequently used for all potential determinations. ||
The electrodes were prepared by a method similar to that ;j
fjj
used by Brown (27). Silver was electrolytically deposited on a platinum f j j
wire, which was subsequently electrolysed as an anode in dilute |j
hydrochloric acid. This resulted in a layer of silver chloride being j
formed over the silver. j
The silver plating solution was prepared by the slow ; j j
addition of AnalaR silver nitrate to a hot solution consisting of j j '
approximately 12 grras. of AnalaR potassium cyanide dissolved in kOO mis. |i
of equilibrium water. This resulted in the precipitation of silver jj
cyanide, which at once redissolved. Addition of silver nitrate was j
continued until a little undissolved silver cyanide remained in
I ■suspension after 30 mins. stirring, thus ensuring that free cyanide 
was kept to a minimum. The solution, together with undissolved |j
silver cyanide, was cooled and made up to 2 litres with equilibrium 
water. ;!
Plating was carried out simultaneously on all three * :1
electrodes for 6 hours in a 600 ml. beaker, using silver gauze anode, !
and a total current of 0.8-1.0 milliamps. After washing overnight in l|
distilled water, they were then electrolysed as anodes in a decinormal ;
solution of AnalaR hydrochloric acid for 60 mins. at 1.2-1.5 milliamps,
3k
-
using a platinum cathode. The acid was removed by washing the electrodes 
for three hours in distilled water before they were inserted in the 
cleaned sedimentation apparatus, which was then filled with equilibrium 
water and left for 2k hours before any experimental determinations 
were attempted. I
Electrodes prepared in this manner had a life of 2 to 3 |
months before becoming unstable. They were then replated, after first 
dissolving away the remaining silver chloride in concentrated ammonia, !
and removing the silver with nitric acid.
Before plating, the complete electrode unit was cleaned 
with benzene and sulphuric acid (see page 33)* after which the platinum j
wire was immersed for one minute in boiling concentrated nitric acid, |
This gave a clean surface which plated evenly. j
A diagram of a complete electrode unit E is included in 
Fig. 1 on page 29* It consisted of a platinum wire approximately 2 cms. 
long , sealed into the end of a small Pyrex tube, which passed through 
the centre of a Bl^ cone. As shown, electrical contact was made using 
mercury, the end of the tube being sealed with a small rubber bung j
prior to invertion of the apparatus during experimental measurements. j
The platinum wire was doubled back to prevent it extending into the I
body of the sedimentation tube and coming into contact with the f
falling solid.
ooOoo
b) Preparation of Materials.
All sedimentation materials were 
sieved to a close size range to ensure, as far as possible, uniform 
particle radius* Solid material of the required size, obtained after 
ten minutes shaking (manual), was recycled three times, discarding 
the smaller and larger material after each cycle*
Cleaning was effected by washing the dry, sieved, solid 
with six successive changes of benzene, followed by a similar treatment 
with concentrated sulphuric acid. After 20 rinsings with tap water and 
ten with distilled, the material was finally washed 10 times with 
equilibrium water, in which it was then left immersed overnight. Drying 
was carried out in an oven at 110°C, prior to storage in a vacuum 
desiccator.
When all the experimental data had been obtained, the mean 
particle radius was determined by a microscope count. In the case of 
the spheres, 100 counts were made on each size range, since the values 
were required for calculating the velocity of fall (page b$)» Only 50 
counts were made on irregularly shaped material, the diameter being 
considered as the distance between opposite sides of the particle, 
measured crosswise, and on a line bisecting the projected area 
(Martin’s diameter (28)). The use of this diameter is based on the 
proposition that although the smallest dimensions of some particles 
and the largest dimensions of others may be determined, the resulting 
errors tend to be compensated if sufficient particles are measured.
Restriction of the particle size to within the range 50- 
400u radius was found necessary for experimental purposes, since
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smaller particles tended to pass through the centre tap very unevenly, 
while larger material had too high a velocity of fall for accurate 
measurements.
a) Soft glass spheres.
These were supplied in four size ranges 
by the English Glass Company of Leicester, and were subsequently 
sieved to the following sizes -
1) 51)i radius.
2) 112ji radius.
3) 2l6)i radius.
b) 372)i radius.
The size variation was approximately ±y% in each case.
Compared with the other materials used, the soft glass had 
a high solubility in aqueous solutions. In order to determine the extent 
of this solubility weights of cleaned sieved spheres, approximately 
equal to the weights used in actual experiments, were shaken with 
equilibrium water contained in a conductivity cell. The cell was 
immersed in a thermostat maintained at 25*00 £ 0.01 °C. In all cases 
there was an increase to approximately b gemmhos within 10 minutes, 
and this rose to nearly 20 gemmhos in 2b hours* However, it was found 
that shaking the spheres, prior to use, over a period of 3 to b days 
with several changes of equilibrium water reduced the dissolution rate 
to an extent such that no measureable change in conductivity occured 
during the time of the sedimentation experiments, provided that these 
were carried out reasonably rapidly.
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Data was also obtained for irregularly shaped soft glass
material, prepared by crushing the spheres. The mean; Martins radius was
£
The em&ision spectra of the four sizes of glass spheres were 
obtained using a Hilger medium quartz spectrograph employing 
spectrographically pure graphite electrodes, and a 3 amp. 110 volt D.C. 
arc. The four spectra were identical, the prominent elements being 
silicon, sodium, iron, and lead.
These were obtained by grinding and sieving 
Pyrex glass. The mean Martins radius was 297^*
c) Fused silica particles.
The fused silica was supplied in large 
fragments by the Thermal Syndicate Ltd.. These were ground and sieved 
to a mean Martins radius of 278ja.
d) Carborundum particles.
The Morgan Crucible Company kindly 
supplied a specimen of pure carborundum, which was pale green in colour. 
This was sieved to obtain a sample having a mean Martins radius of 123^*
e) Silicon particles.
Spectroscopically pure silicon, supplied 
privately, was sieved to obtain a sample having a mean Martins radius 
of 106jq.
38
■ Fused alumina particles.
A sample of pure fused alumina having 
a mean Martins radius of was obtained by sieving powder supplied
by the Thermal Syndicate Ltd.
g) Electrolytes.
The two electrolytes used, viz. potassium and 
barium chloride, were prepared by recrystallizing the AnalaR materials 
six times from equilibrium water, the last recrystallization being 
carried out in a platinum dish. The salts were then dried by heating I
j
to dull redness, and allowed to cool in a vacuum desiccator. A j
-if - , . I
5 x 10 N solution, used as a basis for the experimental work (page 25), j
. ■[
was prepared from each solid, using equilibrium water. j
I
ooOoo !
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5) Cleaning of Glass Apparatus.
All glass apparatus was cleaned 
with freshly prepared chromic acid, followed by 20 washings with tap 
water and 10 with distilled water. It was then left overnight containing 
1 equilibrium' water (see page 31)• Glassware treated in this manner 
was found to be free from all traces of grease and to have no 
interfering adsorbed material on the cleaned surface; flasks cleaned 
in this manner caused no increase in conductivity of the solutions 
they contained.
Apiezon N grease was used sparingly on all taps and joints 
of the sedimentation cell, and was removed prior to cleaning with 
chromic acid by immersion in two changes of benzene, followed by two 
changes of concentrated sulphuric acid. Apiezon N was found suitable 
owing to its non-spreading properties and almost complete insolubility 
in water. Silicone grease, on the other hand, spread rapidly, and was 
quite unsuitable for the present work. This could be demonstrated by 
placing lycopodium;powder on a clean water surface and touching the 
centre with a clean glass rod, previously dipped in the grease.
In the case of silicone, the lycopodium immediately dispersed to the 
sides of the vessel, showing spreading, whereas with Apiezon N no 
such effect was produced.
ooOoo
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6) Determination of Conductivities-
The specific conductivities 
of the solutions of potassium and barium chloride were determined, as 
described on page 26, by transfering the solution remaining* after the 
removal of, the solid, to the conductivity cell shown in Fig. k (page 42). 
This consisted of a circular Pyrex tube, 25 cms. long and k cms. in 
diameter, with a pair of platinum electrodes, 2 cms. square and 1 cm. 
apart, mounted at the bottom. Electrical contact was made by platinum 
wires sealed into the side arms, which were filled with mercury# The 
cell constant was 0.110.
The resistances of the solutions were obtained using a 
conventional 1500 cycles A.C. Wheatstone Bridge network (Fig. 5* page 
*+3)* The oscillator and detector were combined in one instrument 
supplied by Airmec Laboratories. The detector incorporated an amplifier, 
rectifier, and milliammeter, the meter showing no deflection when 
the bridge was balanced.
The resistance network XY consisted of two non-reactive 
resistance boxes, of 0.1% accuracy, connected in series. X had a maximum 
resistance of 100,000 ohms, in 10,000 ohm stages, and Y had a maximum 
resistance of 10,000 ohms, in 0.01 ohm stages. C was a Capacitance box, 
having a continuous range up to 0.1 microfarads, to compensate for cell 
capacity. The two fixed resistances r^ and r^, each of ^0 ohms (t0.1%), 
were embedded in paraffin wax for protection. The slide wire AB was 
lOOcms. long, contact being made on it through a wire D held taut 
round a 1.5 inch glass cube. The bridge centre was at 50.5 cms.
After the resistance measurement, the temperature of the
Zfl
solution was determined to the nearest 0.1°C. This g^ -ve an accuracy 
of approximately 0.2% in the value for the specific ponductivity, 
which was well within the accuracy of the method as whole*
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7) Densities of Solids
Densities of the different solids used
were determined in the normal manner, using a density bottle, care 
being taken to ensure that air was not trapped between the particles.
The material actually used in the sedimentation experiments was employed, 
two determinations being made on each substance. In all cases, agreement 
was better than 0,7%* and the mean values of the densities obtained 
are given below.
Carborundum
Fused alumina
Soft glass
Pyrex glass
Fused silica
Silicon
2.88 grms./cc, 
2.235 grms./cc. 
2.183 grms./cc. 
3.17 grms./cc. 
2.305 grms./cc. 
3.92 grms./cc.
00O00
k3 (
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8) Velocity of Fall of Solids*
Determination of the velocities of 
fall of the various solids were carries out on the actual experimental 
material, after all potential determinations were completed. Consistent 
results were obtained by allowing a small bunch of particles to sediment
down a vertical Pyrex tube, 6.5 cms. in diameter and 150 cms. long,
containing water at a known temperature.The centre of the group was j
timed between two points 50.0 cms. apart, the first point being ko cms. I
below the surface to allow sufficient distance for the particles to 
attain equilibrium velocity. 25 determinations were recorded for each j ;
substance, and the mean value calculated. j j
Investigation was made into the effect of change of viscosity I 
of the solution on the velocity of fall of the solid, since, as all j }
the particles fell outside the Stokes law range, the usual relationship H
was unlikely to hold. As shown on page 61, the weight M of particles f
per unit volume between the electrodes was inversely proportional to l{
the velocity, and hence any variation in the viscosity of the solution j
’ ■ • - - ' - 
due to experiments at different temperatures would result in varying j
. • - ■ .- !* 
values of M. Use was made of two equations given by C.N. Davies (29) j j
for the velocity of fall of spherical particles outside the Stokes law j
range, j
^rRe2
1). Re = — <---- 0.0002336 (f Re ) + 0.00000202 (f Re Y  j
2k |
p  L  j
- 0.00000000691(>\rRe ) . j
for Re k, j j
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2). Log Re = -1*295 + 0.986(Log Re2) - 0.046?(Log Re2)2
+ 0.00112(Log ^ R e 2)^ . 
for .3 < Re < 10,000.
2yr ? 1
Re (Reynolds number)
Where, ^  = viscosity of fluid.
v = terminal velocity, 
r = radius of spherical particle 
^ = density of fluid.
8r(^2-^1)g
Y  (drag coefficient) = --1---- r---  •
3 ^xv
Where, ^ 2 = ^enslty ot solid.
2
g = 981 cms./sec.
The Reynolds number measures the ratio of the inertia 
forces to the viscous forces. For small values (less than 0.5)* the 
liquid flow round a spherical particle is purely streamline or viscous, 
while at larger values turbulent flow begins to appear. The range 
0.5 ^ Re <80 can be regarded as the transition region.
The change in velocity of the four sizes of soft glass 
used in the experimental work was determined for a change in viscosity 
from 1.00 to 0.90 centipoise (20.2°C to 24.7°C). In the case of the 
51Ji radius material, having a Reynolds number of approximately 1, 
equation 1 was usedi For a solid density of 2.88 grms./cc. this reduced
k?
to -
2 5 r 8 o 11
3). V = *+10 - - *+5200 + 7.67 x 10 £. - 5.15 X 10 £ *
? ^  ? 7
Hence, from substitution in 3»
Velocity at 20.2°C = 0.9*+ cms./sec.
Velocity at 2*+.7°C = 1.016 cms./sec.
Thus M decreased with increasing temperature by only 1.73?/°C,
compared to a change in 7? of . 2,.3%/°C. With the larger sizes of spheres,
the temperature dependence of M was reduced still further (following 
page).
Later work showed that a modified form of the streaming 
potential equation was applicable to sedimentation data,.and 
consideration was now given to the other temperature dependent variables 
contained in it.
e 2” ? i>1‘  X
M *+7jTK ^  ^ 21000 9 x 1011
Where, E » the sedimentation potential (volts).
H = distance between the electrodes.
K * specific conductivity of the liquid (mhos).
£ = the zeta potential (millivolts).
£ a dielectric constant.
s viscosity of the solution (poise).
 ^2 * density of the solid.
(J ^  - density of the liquid.
For a temperature rise of from 20.0 to 21.0°C, considering
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potassium chloride as the electrolyte.
yj decreases by 2.4%.
K increases by 2.05%*
^ increases by approximately 0.6% (49).
6 decreases by approximately 0.45%.
> U
Therefore ---- increases by 0.5%.
K'Tj
Thus, for the 51y. radius spheres, correction of v by a 
factor of 1.2%/°C (i.e. 1.7%-0.5%) rendered the whole equation 
temperature independent.
Using equation 2, the velocities were obtained at 20.2°C 
(?7 = 1.00 centipoise) for the remaining sizes of sphere^; these are 
given in the following table, together with the percentage variation 
for unit change in temperature, calculated by the method used for the 
51yi radius material.
Radius (jx) i Velocity V (cms/sec) (20.2°C) ♦
Variation in 
v per °C.
51 0.94 1.7%
112 3.18 1.2%
216 7.10 1.1%
372
I!
12.8 0.5%
These values were checked experimentally for the smallest 
and largest spheres, when velocities of 0.97 cms./sec. (22.0°C) and
k9
12.7 cms./sec, (20.^C) respectively were obtained, in good agreement 
with the calculated figures.
Considering the accuracy of the sedimentation method as a 
whole, it was thought unnecessary to correct the velocities of any but 
the smallest spheres for temperature changes. Instead, the velocity at 
23.0°C was employed, this being the approximate average experimental 
temperature. Deviation from this temperature was generally not morer
n F1than 2 C, and the error in /M for each concentration was therefore
unlikely to exceed 1.3%, and was in most cases considerably less,
especially with the larger particles. Also, since the errors were
random, their effects on the probable error of the zeta potential
calculated from the graph of E/M against were small compared
with the total probable error of the method, estimated as totalling t3%«
With regard to the other solids used, variation in
velocity with temperature was appreciable only for silicon (temperature
coefficient of velocity 1.6%/°C) necessitating a correction of 1.1%/°C.
A table of velocities for particles of all types is given on page 30.
Calculated values were used for the spheres to increase accuracy, whilst
experimentally measured velocities had to be employed for all
irregularly shaped material, determinations being carried out at 23*0°C.
ooOoo
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TABLE 1.
Velocities of fall of Experimental Solids♦
Substance. Velocity, (cms/sec.) Temperature,
Temperature
correction.
Soft glass. 
. (spheres)-
r
51p radius. 0.9^ 20.2°C. 1,2%/°C.
112ji radius. 3.29 23.0°C. -
216ji radius. 7.32 23.0°C. "V
372ji radius. 13.0 23.o°c. -
Pyrex glass, 
(irregular) 
297p radius.
23.0°C. -
Fused silica, 
(irregular). 
278p radius.
A-.13 23.0°C. -
Carborundum, 
(irregular). 
123p radius.
2.85 23.0°C. -
Silicon, 
(irregular). 
106p radius.
1.69 23.0°C. i.W°c.
Fused alumina, 
(irregular), 
ll^ fp radius.
3-11 23.0°C. -
Soft glass, 
(irregular) 
113^ radius.
- --  --------i
2.32 23.0°C.
-
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SECTION 2b.
Measurement of Sedimentation Potentials.
In Section 1 it was pointed 
out that the magnitude of the sedimentation potentials, observed by 
various workers, differed greatly from system to system. Therefore, 
estimation of the order of the potentials to dealt with in the present
r
work was attempted using 2l6ji radius soft glass spheres and a standard
D.C. potentiometer circuit. This proved unsuitable due to the high 
internal resistance of the sedimentation cell, and its consequent 
inability to supply sufficient current to cause an off-balance 
deflection. A measuring instrument having a high input impedance was 
required, and a Cambridge pH meter, adjusted to record potential to a 
sensitivity of 1 millivolt, was used. However, even with a high 
concentration of particles in solutions of low conductivity, the 
potentials obtained were only of the order of 5 millivolts, and hence 
the possible error of measurement was 20%. It was therefore decided 
to design a voltmeter specifically for the purpose of this work, in 
order to obtain the necessary sensitivity. The three major requirements 
were -
1) Very low current drain from the cell.
2) Sensitivity better than 0.05 millivolts.
3) High stability.
The final design adopted consisted of a basic valve 
voltmeter circuit with suitable modifications. A simple example of 
such a voltmeter is shown in Fig. 6 (page 56).
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The potential to be measured is applied between the grid G 
and the cathode C of a high impedance valve, and the corresponding 
change in anode current is recorded by means of the meter A. The 
advantage of such a circuit is the very small current drain from the 
source of the potential, resulting in the true E.M.F. of the system 
being developed (page 65).
Since the cathode, when hot, emits electrons, it is
r
necessary to maintain it at a positive potential with respect to the 
grid to prevent the flow of large currents in the grid circuit. This 
is accomplished by a grid bias battery B. However, in spite of this, 
some electrons discharge on the grid by direct collision and, in 
addition, positive ions emitted by the anode are also collected. These 
two effects produce currents in opposite directions and, by suitable 
adjustment of the grid bias, it is possible to balance them out and thus 
reduce the grid current to zero.. This was accomplished in the final 
circuit, shown in Fig* 7 (page 57)* by supplying a basic grid bias of 
1.018 volts from a Weston cell and supplementing this with a variable 
voltage from a potentiometer network. This'consisted of a 10,000 ohm 
variable standard resistance R^, a 10,206 ohm carbon resistance R£, and 
two large 1.5 volt dry batteries, which were found to be extremely 
stable, and maintained constant voltage over a period of two years• The 
grid bias values given in the tables refer to the reading of R^.
To determine the point of current balance a sensitive,
enclosed, moving mirror galvanometer G of resistance ^00 ohms was
connected in series with the sedimentation cell. By this method the
-9current drain could be maintained at less than 2.*f x 10 amps. During 
actual determinations of potential the galvanometer was clamped, and
53
the light source switched off.
The valve used was a Brimar miniature double triode (12AX7) 
chosen because it was originally intended to use twin circuits, one 
containing the cell, and one as a standard. Hence, the difference in 
the two anode currents would represent the applied potential. It was 
thought that any drift in battery voltage etc. would affect both 
circuits to the same extent, but investigation showed that individual
r
variation occurred, It was therefore decided to use only one triode, 
and to concentrate on stabilising its associated circuit as much as 
possible.
A filament voltage of 5 volts was obtained from four 
nickel-iron accumulators, and the high tension supply from a 120 volt 
dry battery.
To detect changes of anode current corresponding to applied 
potentials of the order of 0.02 millivolts, the system shown in Fig. 7 
(page 57) was adopted. A Unipivot galvanometer A, having a full scale 
deflection of 2k microamps, and a resistance of 817 ohms, was 
incorporated in the anode circuit, and shunted by a 1.5 volt dry 
battery in series with a variable 10,000 ohm standard resistance box 
so that virtually all the anode current flowed through this bypass 
circuit. However, since the value of was usually in the region of 
7,000 ohms, approximately 90% of any CHANGE in anode current was 
recorded by the microammeter. Thus the necessary sensitivity was 
obtained without introducing the complications of a further amplifying 
stage. The short-circuiting switch S across the meter was to safegaurd 
it against electrical surges when handling parts of the grid circuit.
To exclude external electrical effects, all grid leads were '
5^
screened and, in addition, the voltmeter was enclosed in an airtight 
earthed metal box having a detachable lid,and containing dried silica 
gel. Operation of the controls was effected through suitable holes 
covered with thin polythene sheeting. All switches were of the toggle 
or rotary type, and were cleaned with benzene after assembling the 
circuit. The valve was totally immersed in transformer oil to prevent 
electrical leakage across the base in humid conditions. Before use, it 
was found necessary to calibrate the voltmeter for various values of 
grid bias and internal resistance of the sedimentation cell. Accordingly 
the circuit shown in Fig. 8 (page 58) was devised, consisting of two 
lead accumulators, one contained in a potentiometer network, separated 
by a carbon resistance R. R^ and were a variable standard 1000 ohm 
resistance, and a fixed standard 10,000 ohm resistance respectively.
By increasing R-^ , a source of potential of known value 
and of internal resistance R (R» R-^ ).was obtained. The instrument was 
calibrated for different grid bias settings using three values of 
internal resistance, 0.^ +7, 1.82, and megohms. A typical set «f
calibration curves are shown in graph 3 (page 59)•
The instrument was made ready for use by closing the rotary 
on-off switch S^, controlling the anode, shunt, and filament circuits, 
and also closing the potentiometer switch S^ was used to switch
the cell out of the grid circuit. It was necessary to leave the circuit 
on for two days prior to carrying out potential measurements, since 
initially, the voltage of the high tension battery dropped rather 
rapidly (1-2 volts in a few hours), but it then stabilised to an extent 
where no correction for drift was necessary during experimental 
determinations.
55
After connecting the electrodes to the voltmeter, the 
experimental procedure was first to ensure minimum current flow through 
the cell, when in the grid circuit, by adjusting the grid bias value 
until the galvanometer G showed no deflection from its rest position.
G was clamped and switched off, and a time of five minutes was allowed 
for the electrodes to attain equilibrium. Switch S was opened and 
adjusted to bring the needle of A near the scale centre. S was then 
closed, the centre tap of the apparatus adjusted to the required rate 
of flow, S opened, and the steady value of the microammeter recorded. 
When all the particles had passed the electrodes, the meter needle fell 
to a new steady value D^. From a knowledge of the grid bias, internal 
resistance of the cell (page 70) and (equals D), the value of the
sedimentation potential was obtained.
00O00
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PART 1.
A. Study of Sedimentation Potentials in Aqueous Solutions.
Section J5.
This Section deals with an Experimental Investigation into the 
Features listed in Section 1, in order to determine their effects on
the Sedimentation Potential.
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a) The Variation of the Sedimentation Potential with the Amount of Solid
between the Electrodes,
available to indicate whether the sedimentation potential was dependent 
upon the weight or upon the surface area of the material between the
electrodes. However, for a given particle size, these are directly
proportional to oneanother, and both must therefore vary in the same
manner with respect to the potential developed.
Experiments were conducted using 216^ 1 radius soft glass
spheres (page 36) in five concentrations of potassium chloride (page 25)*
Potentials for five different rates of flow of solid were determined
for each concentration, and the results represented as the deflection
D of the voltmeter (directly proportional to the potential) against
the reciprocal of the time T (mins.) taken for all particles to flow
past the electrodes (page 23)* Experimental values were more easily
1
recorded in this manner, since, as shown below is directly
proportional to the weight and surface area between the electrodes,
W
It was pointed out in Section 1, that no evidence was
M
TvA
Where, W = total weight *f solid used*
M = weight of the solid per unit volume between
the electrodes
v velocity of fall of the particles
A cross sectional area of the sedimentation tube.
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Hence, for a given weight of a particular material -
M «c V T
Similarly -
A- -  V T ' •
Where, A* = the total surface area of solid per unit volume
of suspension between the electrodes.
The results are shown in table 2 and graph *+. They indicate, 
as expected, that the relationship is linear for all concentrations, 
and the line passes through the origin. The specific conductivity of 
the solution for the experimental points is indicated on each line.
Hence, the sedimentation potential developed by the given 
spheres varies directly with the amount of solid between the electrodes.
00O00
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TABLE 2.
216j x radius soft glass spheres. Weight = 25.8 grms. 
Potassium chloride solutions.
Deflection 
D (divs.) T (mins.) V T (mins.-1)
Specific 
.conductivity 
K (gemmhos)
l.if 2.56 0.391
M 0.980 1.02
6,0 0.667 1.50 7. 8if
h.6 0.8if0 1.19
3.2 1.23P> —1 r. r. , , - r 0.813 *
k. 6 2.37 0.if22
17.3 0.650 1.5if
6.3 1.775 0.563 . 2.75
12.^ 0.930 1.075
8.2 1.38 0.72if .
2.1 2.53 0.395
if .0 1.30 0.770
3.55 0.950 1.05 6.05
7.65 0.710 l.ifl
3.0 1.72 0.582
3.1 2.33 0.if29
5.8 1.28 0.782
10.95 0.710 l.ifl 3.if9
8.25 0.950 1.05
3.8 1.85 0.5if0.
1.1 2.78 0.360
2.6 1.23 0.813
3.5 0.950 1.05 10.^
2.0 • 1.66 0.603
if.5 0.710 l.ifl ,
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b) The Effect on the Sedimentation Potential of Variation in the Current
Drain from the Cell.
In Section 2b it was shown that the current drain from the 
cell could be maintained at less than 2,k x 1CT^ amps, by the use of a 
sensitive galvanometer connected directly in series with the cell. 
However, owing to the high internal resistance of the system, it was 
not certain that even this low value could be supplied without having 
an effect on‘the potential developed.
Experiments were therefore carried out using 112^ 1 radius
soft glass spheres (page J>&) in solutions of potassium chloride of two
different concentrations, with the current deliberately increased,.in
-8two stages, up to 2.75 x 10 amps. It was found that although there 
was some slight wandering of the potential at the highest current drain, 
the overall value was unaffected. The results are shown in table 3»
Since the function ET was independent of the rate of flow of solid, 
this was a convenient means of directly comparing different runs. The 
sedimentation potential E was obtained from the instrument calibration 
graphs (page 5^)*
It was concluded from the above investigations, that since 
the potential remained constant with increasing current drain, the true
E.M.F, of the system (equal to that expected where no current is 
flowing) was being measured.
ooOoo
66
TABLE 2.
112^ . radius soft glass spheres. Weight = 12*2 grms.
Current drain 
from the cell 
(amps.)
E-.x T. 
(mvs.min)
Specific 
conductivity 
K (gemmhos)
2.4 x 10*9 1.96
2.4 x lCf9 1.94
8.4 x 10~9 2.00
6.20
8.4 x 10 9 2.01
2.6 x 10~8 2.00
2.6 x 10 8 2.04
2.4 x 10~9 4.43
2.4 x 10**9 4.37
9.6 x 10~9 4.28
2.71
9.6 x 10“9 4.27
2.75 x 10”8 4i55
o
2.75 x 10 4.46
The Effect of Liquid Turbulence on the Sedimentation Potential*
The particles used in the sedimentation experiments had, 
as shown in Section la, to flow through the centre tap of the apparatus 
into the lower compartment containing the electrodes. Since the bore of 
the tap was small in comparison to the diameter of the cell, the solid 
tended to flow through in a narrow stream and not immediately spread 
out to occupy the whole cross sectional area available. The result of 
this effect was to cause a certain amount of turbulence above the top 
electrode, especially with the smaller sizes of particles. General 
movement of the liquid was also produced throughout the cell as a whole, 
and the velocity of even the smallest particles was well outside the 
Stokes law range.
Several experiments were therefore conducted to determine 
the effect, if any, of this turbulence on the measured potentials. In 
the first case, general liquid movement in the cell was produced by 
bubbling air through solutions of potassium chloride of various 
concentrations within the normal experimental range. This was 
accomplished by inserting a small diameter Pyrex glass tube down 
through the top and centre taps to beneath the lower electrode. Air 
from a rotary compressor was then bubbled through. No change in 
electrode potential was recorded, even with quite pronounced liquid 
movement. A similar result was obtained with turbulence round only one 
electrode, the other being in static conditions.
A extremely high rate of flow of 51^ radius soft glass
spheres (to effect maximum turbulence of solid) in a concentrated
-2potassium chloride solution (10 N) also produced no change in potential,
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as expected.
It was therefore concluded that turbulence had no effect on 
the measured sedimentation potential.
0 0 O 0 0
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d) Variation of the Sedimentation Potential with the Size of the
{
Experimental Material.
One of the most important factors requiring investigation 
was the dependence of the sedimentation potential on the particle size 
of the material used. By varying the size of the particles, it would be 
possible, as explained in Section 1, to determine whether the potential 
was dependent upon the weight or upon the surface area between the 
electrodes during sedimentation*
Accordingly, experiments were conducted on four sizes of 
soft glass spheres, 51* 112, 216, and 372ji radius (page 36), each in 
five different concentrations of potassium chloride (page 25)• The 
voltmeter deflections D were determined for five rates of flow of solid 
for each concentration, and these plotted against the reciprocal of the 
time T (mins.)(page 25) taken for all the particles to flow past the 
electrodes.
The resulting straight lines for 372^ 1 radius spheres are 
shown in graph 5 and table *+. The deflections per unit rate of flow f 
(grrns./min.) for each concentration are recorded in row 1 table 5*
D . DT
f W
.Where, W = the total weight of material used.
From these values, the potential E per unit rate of flow 
was calculated (row 7) using the instrument calibration graphs (page 5*0 
for the grid bias value recorded, in row 2, and the internal resistance 
R of the cell, shown in row 3» Determination of R was effected from a
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knowledge of the sedimentation cell constant (page 27), and the 
conductivity of the electrolyte (row k)• The solution temperatures, and 
corresponding viscosities are given in rows 5 and 6.
As discussed in Section 1 (page 1*0, the standard equation 
for the streaming potential can be modified to a form where it may be 
applicable to sedimentation measurements. The potential is predicted 
to be dependent solely on the weight of particles between the electrodes.
E 1
—  =   :------  X ----------- 11
M k % 2k 7T+j 1000 9 x 10
Where, E = the sedimentation potential (volts).
M = the weight of solid per unit volume between the 
electrodes.
€ » the dielectric constant.
£ = the zeta potential (millivolts).
 ^2 = density of the solid.
^ s density of the liquid.
H = the distance apart of the electrodes.
Oj = the viscosity of the solution.
K = specific conductivity of the solution (mhos).
M was obtained from a knowledge of the particle velocity 
v, no correction being made to compensate for temperature change,
except in the case of the radius spheres. Full discussion of this
Epoint is given on page V?.The equation used to calculate is
given below -
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;• T;
E EAv60
«“"» S " 1 '1 - 1 •
M f
Where, A = the cross sectional area of the sedimentation tube, 
8.58 sq. cms. (see page 27).
The factor 60 was necessary in order to convert the rate 
of flow to grms./sec.
The values of are given in row 8, and were plotted
or i. Bo.,h 6. . « hl„
experimental error, straight lines were obtained over the concentration 
range studied for all the solids investigated. This feature, indicating 
a constant zeta potential, is discussed on page 128.
Direct verification of the equation being considered is 
obtained from graph 7» where the experimental values for the four 
different sizes of spheres are shown (tables 6, 7» and 8). Since all 
lie on the same straight line, the sedimentation potential is, in fact, 
dependent on the weight of particles between the electrodes, and is 
independent of the particle size.
Shown also in the graph are the results for irregularly 
shaped soft glass particles, prepared by crushing the spheres (table 9 
and page 37). These are also on the same line and indicate that 
particle shape has no influence on the measured potential.
00O00
72
TABLE 4.
372}i radius soft glass spheres. Weight = 60.8 grms. 
Potassium chloride solutions.
Deflection 
D (divs.) T (mins.) V T (mins.-1)
Specific 
conductivity 
K (gemmhos)
1,65 2.27 0.440
3.7 1.09 0.918
5.6 0.680 1.47 8.18
4.85 0.800 1.25
2.75 1.33 0.752
1.4 2.18 0.459
4.6 0.700 1.43
3.85 0.850 1.18 9.67
2.2 1.41 0.710
2.8 1.10 0.909
5.85 1.93 0.518
11.2 1.03 0.971
16.7 0.667 1.50 3.10
9.0 1.22 0.820
15.3 0.741 1.35
7.9 1.00 1.00
3.55 2.35 0.426
10.45 0.750 1.33 *+.25
3.93 1,28 0.782
3.6 . 1.92 Oi521
2,85 1.88 0.532
5.25 1.02 0.980
8.5 0.630 1.59 6.15
4.5. 1.23 0.813
7.2 0*750 1.33
in
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X
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TABLE 5.
372ji radius soft glass spheres. Weight = 60.8 grms.
1.
deflection per 
unit rate of 
flow (grms/min)•
0.0625 0.0526 0.186 0.130 0.0888
2. Grid bias.
3 ■ 
'200 200 200 200 200
3. R (megohms). 0.7 0.6 1.8 1.3 0.9
4. K (t°C) x 106 (mhos). 8.18 9.67 3.10 4.25 6.15
5. t°C. 21.0 21.7 23.4 21.85 23.25
6. njx 10 (poise). 0.981 0.965 0.927 0.962 0.930
7.
E y (mv.min 
'f /grm). 0.0234 0.0198 0.0694 0.0488 0.0331
8. E/m  (v/grm). 0.156 0.132 0.463 0.326 0.221
9.
'
1 1A-8 —  x 10
K m
(ohms/poise).
0.124 0.108 0.348 0.244 0.175
Potassium chloride solutions. Velocity of fall = 13.0 cms/sec. (23.0°C),
E E/M (volts/grm) a /■ (mvs.min/grm) x 6.68 .
Sedimentation cell constant = 6.0
No correction of velocity for temperature change.
Top and bottom electrodes.
-^(v©!t»/«,«am.) G R A P H  6.
A
372p RADIUS SOFT CLASS SPHERES
IN POTASSIUM CHLORIDE SOLUTIONS
1 - -   *  * * ^
OI 0*2 0*3 0^ 4
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TABLE 6.
216ji radius soft glass spheres. Weight - 25*8 grms.
1.
deflection per 
unit rate of . 
flow (grms/min).
0.1.51 0.440 0.209 0.300 0.126
2. Grid bias. 200 200 200 200 200
3. R (megohms). 0.7 1.8 0.9 1.4 0.6
4. K (t°C) x 106 
(mhos).
7.84 2.75 6.05 3.49 10.2
3. t°C, 21.95 24.2 23.2 20.0 26.1
6.
2
^ x 10 (poise)• 0.959 0.910 0.932 1.005 0.872
7.
E/ (mv.min 
/f / grm) • 0.0563 0.163 0.077V 0.112 0.0^72
8. E/m (v/grm). 0.212 0.613 0.291 0.422 0.177
9.
1 1n-8 --- x 10
K?
(ohms/poise).
0.133 0,401 0.177
L —  -
0.285 0.112
■
Potassium chloride solutions. Velocity of fall = 7*32 cms/sec* (23*0°C
E E/M (volts/grm) = /f (mvs.min/grm) x 3*76.
Sedimentation cell constant = 6.0.
No correction of velocity for temperature change.
Top and bottom electrodes.
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TABLE 2*
112ji radius soft glass spheres. Weight = 12,2 grms.
1.
deflection per 
unit rate of 
flow (grms/min).
0.279 O.878 O.878 0.295 0.582
2. Grid bias. 200 150 200 200 200
3. P (megohms). 0*6 2.0 2.2 0.7 1.3
4. K (t°C) x 10^ (mhos). 9.55 2.84 2.58 7.82 4.48
5. t°C. 23.7 26.9 23.0 22.75 25.1
6.
2
'tj'x. 10 (poise). 0.921 0.857 0.936 0.941 0.892
7.
E/ (mv.min 
/f / grm). 0.104 0.343 j 0.330 0.110 0.219
8. E/m (v/grm). 0.176 0.580 0.558 0*186 0.370
9.
1 ,n-8 --- x 10
K
(ohms/poise).
0.114 0.412 0.416 0.136
. _ ..
0.251
L.
Potassium chloride solutions. Velocity of fall = 3*29 oms/sec. (23.0°C).
IT1 1?
'M (volts/srm) - /f (mvs.min/grm) x 1,690.
Sedimentation cell constant =6.0.
No correction of velocity for temperature change.
Top and bottom electrodes.
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TABLE 8.
51^ i radius soft glass spheres. Weight = 6.*+ grms.
1.
2.
3.
4.
5*
6.
7.
8 .
9.
deflection per 
unit rate of 
flow (grms/min).
0.246 1.75 1.25 1.015 0.781
Grid bias. 150 150 150 150 150
R (megohms). 2.2 1.45 1.0
ir 1
0,8 0.6
K (t°C) x 106 
(mhos). 3.22 4.26 6.O6 8.14 9.58
t°C. 24.1 24.1 23.0 24.8 23.5
2
x 10 (poise). 0.912 0.912 0.936 O.898 0.925
E /  (mv.min 
/f / grm ) • 0.948 0.680 0.492 0.393 0.304
E/m (v/grm). 0.480 0.343 0.246 0.200 0.153
1 . _-8 --- x 10
(ohms/poise);
0.342 0,258 0.176 0.137 0.113
Potassium chloride solutions. Velocity of fall = 0,94 cms./sec.
at 20.2°C. Temperature correction = 1.2%/°C.
E E(volts/grm) = /f (mvs.min/grm) x 0.483 .
Sedimentation cell constant = 6.0. Top and bottom electrodes.
79
TABLE j).
Irregular soft glass particles. Weight =16,8 grms.
1.
deflection per 
unit rate of 
flow (grms/min).
o.*+*+o 0.708 0,9*4-0 1.25 -
2, Grid bias. *+50 *+50 *+50 *+50 -
3. R (megohms). 0.6 0 .9 1 .2 1 .7 -
*+. K (t°C) x 106 (mhos). 9.86 6.38 *+.70 3.31 -
5 . t°C. 23.7 25.0 2*+.8 23.0 -
6.
2x 10 (poise). 0.921 0,89*+ 0.898 0.936 -
7* E t (mv.min 'f /grm). 0.136 0.222 0.297 0.39*+ -
8. %  (v/grm). 0.l6*+ 0.271 0.362 0.*+71 -
9.
1 -m’8--- x 10
K ?
(ohms/poise).
0.110 0.175 0.237 0.32*+ 
L... - -
-
Potassium chloride solutions. Velocity of fall = 2.32 cms/sec, (23.0°C)
E E/M (volts/grm) a /f (mvs.min/grm) x 1.19*+ .
Sedimentation cell constant = 6.0,
No correction of velocity for temperature change,
1 Top and bottom electrodes.
►(volts/qrant)
DIFFERENT SIZES OF SOFT GLASS 
MATERIAL IN POTASSIUM CHLORIDE 
SOLUTIONS.
I-
& 51 |i radius spheres.
0  112|i radius spheres.
X 2l6|i radius spheres.
O  372ji radius spheres.
4- Frreqular shaped soft qlass 
particles.
x io•i
O i 0-2 0.3 0*4
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e) The Effect on the Measured Sedimentation Potential of the Distance
between the Electrodes.
Quist and Washburn (10) investigated this effect and found 
that the sedimentation potential gradient was uniform throughout the 
length of the apparatus.
A detailed study was therefore not undertaken, and results 
were obtained for only two electrode distances, 40.6 and 20.5 cms.
(page 28).
216^ 1 radius soft glass spheres were employed, experiments
being carried out in several different concentrations of potassium
E 1chloride. The results were plotted in the form of against *
where H was the distance apart of the electrodes.
It was found that both sets of results lay on the same 
straight line, thus indicating that for the concentration range 
investigated, the potential varied linearly with the electrode distance, 
(graph 8).
ooOoo
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2!bu RADIUS SOFT CLASS SPHERES
IN POTASSIUM CHLORIDE SOLUTIONS.
0 Electrode distance of 406cm  
O  Electrode distance of 2 0 5cm.
x io
020-1 0 3
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The Effect on the Zeta Potential of Ions Produced by Dissolution of
the Soft Glass Spheres,
This factor is not listed in Section 1 owing to the fact 
that its necessity was only appreciated after experimental work had 
bogun.
As explained in Section 2a, the soft glass spheres had an 
appreciable solubility in aqueous solutions, and this was only reduced 
by repeated washings with conductivity water. However, in spite of this, |!; 
it was quite probable that some further slight dissolution occured 
under experimental conditions, despite the fact that runs were carried 
out as rapidly as possible. Moreover, if the ions produced were multi- 
valent they might seriously affect the recorded results and lead to 
erroneous values for the zeta potential.
Accordingly, data was obtained for 21 Gji radius soft glass
Espheres in solutions produced by their own dissolution, and 
plotted against in the normal manner. Owing to the low
conductivities of the solutions and the resulting high potentials 
developed, it was necessary to reduce the normal electrode distance 
(^ ■0.6 cms.) to 20.5 cms. ^ in order to obtain consistent results. For 
the same reason, no points were obtained within the usual concentration 
range, as can be seen in graph 9» and extrapolation was required in 
order to, obtain values which could be compared with those from normal 
experiments.
ETable 10 shows a comparison of values of /MH obtained 
from the extrapolated graph for the three values of * an<^  ^rom
the experimental graph shown on page 80. No marked difference is
Sk
apparent and since, under normal conditions, the conductivity due to 
the dissolution of the glass was small in comparison to that due to 
the potassium chloride, it was thought justifiable to make no 
correction to the calculated values of the zeta potential.
00O00
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TABLE 10.
2l6u radius soft glass spheres.
—  x I0-8. 
Ky
E___ (potassium
M H chloride.)
------ - ------------
^ (glass 
^ g dissolution.)
0*1 0.003^0 0.00327
0.2 0.00690 0.00683
o A 0.0137 0.0158
GRAPH 9.
1-0 DISSOLUTION OF 2l6u KADIUS
SOFT CLASS SPHERES.
0 4
X IO
0 80*6
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g) The Variation of the Sedimentation Potential with the Size of the
Silver-Silver Chloride Electrodes.
Another factor which might influence the measured potential 
was the surface area of the electrodes. Experimental values were 
therefore obtained for silver-silver chloride electrodes of two sizes, 
using 216^ 1 radius soft glass spheres in potassium chloride solutions. 
Electrode dimensions are given below.
a) Wire electrodes, produced by plating platinum wires 0.25 mms. in 
diameter and 2cms. long. The surface area of each electrode was 
1.5 x lo"*^  sq. cms.
b) Plate electrodes, of dimensions 1.0 x 0.5 cms., were obtained by 
plating rectangular platinum plates. These were held in a 
horizontal plane for experimental purposes, and each had a 
surface area of 1.0 sq. cms.
The two sets of results are shown in the form of a graph 
E 1
of against °n ^  seen that both sets of values
lie on the same straight line, and hence the measured sedimentation 
potential was independent of the electrode size in the concentration 
range considered.
ooOoo
8®
(volts/qram)M GRAPH IO.
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0-15
O I O
0 0 5
2l6u RADIUS SOFT CLASS SPHERES 
IN POTASSIUM CHLORIDE SOLUTIONS
O  small electrodes. 
0  larqe electrodes.
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k) The Use of Antimony Electrodes for the Determination of Sedimentation
Potentials.
The possibility of using antimony-antimony oxide electrodes 
in place of the silver-silver chloride ones was investigated, since 
preparation of the former appeared easier, and their stability, 
according to Parks and Beard (30), is good, especially in the neutral 
range•
Antimony rods, 0.125 ins. in diameter and 1 in. long, were 
satisfactorily prepared by casting; merely melting the powdered metal 
in Pyrex tubes gave rise to air bubbles which were difficult to remove.
The moulds were obtained by wiring together two charcoal 
blocks and drilling a 0.125 in. diameter hole at the join, as shown 
in the diagram below.
electrode 
hole. '
plug
widened to facilitate 
pouring.
air hole•
The subsidiary air hole was necessary to ensure that the 
molten metal flowed freely.
Pure powdered antimony was melted in a silica crucible, the 
surface being covered with a layer of soda ash to prevent oxidation. 
When molten, the layer of flux was held back and the metal poured into 
the mould. Previous to casting, the charcoal blocks had been heated 
to 120°C in an oven to prevent the metal solidifying too rapidly.
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The electrodes were sealed into close fitting Pyrex tubes 
using Picien wax, so that only the cross section of one end was 
presented to the solution* This face was carefully polished with fine 
emery cloth, and finally washed in distilled water before use. The oxide 
layer on the metal surface was formed spontaneously by atmospheric 
oxidation. Electrical contact was made by copper wire carefully 
soldered on to the antimony, prior to inserting in the Pyrex tubes. The 
electrodes were sealed into the apparatus using rubber bungs, which 
had been previously cleaned by boiling in concentrated sodium carbonate 
solution, very dilute hydrochloric acid, and finally several times in 
conductivity water.
As the result of extensive experiments, using silica powder 
in potassium chloride solutions, it was found that stability to only 
0.5 millivolts could be obtained,compared with 0.02 millivolts using 
silver-silver chloride electrodes.In addition, the time taken to come 
to equilibrium with the solution concerned was considerably longer for 
the antimony-antimony oxide electrodes. These effects were probably due 
to the reversibilty of the antimony electrode to only the hydrogen ions 
(or hydroxyl) present in the solution, and not to the ions from the 
added electrolyte.
Accordingly, it was decided to continue using silver-silver 
chloride electrodes for experimental work.
A few experiments were carried out using platinum electrodes 
but, as established by Quist and Washburn (10), these proved to be 
highly unstable, readings in similar conditions varying by several 
millivolts due to polarisationi
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PART 1.
A Study of Sedimentation Potentials in Aqueous Solutions*
Section •
A Summary of the Experimental Results of the Investigations
Described in Section 3*
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A Summary of the Experimental Results of the Investigations Described
in Section
The experimental work described in Section 3 was directed 
at determining the factors affecting the magnitude of the measured 
sedimentation potential. The results are summarised below.
a) The sedimentation potential was directly proportional to the 
weight of solid between the electrodes, and was independent of 
the surface area present. This resulted in similar potentials 
being developed by the same weight of various samples of soft 
glass differing in particle radius and shape.
b) For the particular systems investigated a current of up to
-82.75 x 10” amps, could be supplied by the sedimentation cell 
without an appreciable drop in potential.
c) Turbulence of the electrolyte solution had no effect on the 
measured potential.
d) The potential set up between the electrodes was directly 
proportional to the distance apart of the electrodes.
e) Electrode size, within the range considered, had no effect 
on the measured sedimentation potential.
The evidence given in a) and d) provides information 
suitable for testing the various theoretical equations proposed 
(see Section 1, page 10). Owing to the non-dependence of the measured 
potential on the surface area of the sedimenting particles, the 
theoretical treatment carried out by Elton (8) on results obtained 
from sedimentation velocity measurements (page 16) cannot apply.
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This may be due to the fact that the equation derived (page 1?) 
represents the electrical retarding potential on a given particle, but 
does not necessarily represent the potential gradient measured by two 
electrodes, unless they are reversible to the counter ions, which is 
not the case for silver-silver chloride electrodes in, for example, 
potassium chloride-silica systems, where K+ is the counter ion.
However, as discussed on page Ik, the streaming potential 
equation can be modified to a form (equation (1), below) which 
appears to conform closely with the experimental observations.
E
X  ' i  i  • ( 1 )
M 477-k ^ 21000^ 9 x 10
A similar equation, differing only in a constant factor
n
'12 kas keen derived by Hermans (15)(page 12), but when this was
applied to experimental data obtained from the soft glass spheres, the
calculated zeta potential was considerably higher than published
values from other methods. However, equation (1) gave a value of zeta
(-76.5 mvs.) which was in fair agreement with the results of Eversole
and Boardman (31)» who obtained a figure of -87.3 mvs. for a soft
-5glass capillary in a 10 N potassium chloride solution. A streaming 
potential technique was used, in which correction was made to 
compensate for errors due to surface conductance.
An interesting point arises however, from the fact that 
E against /„
were, within experimental error,linear over the concentration range
all graphs of ^ resulting from the present work
considered, indicating a constancy of the zeta potential in solutions
9**
-5in the concentration range 1-7 x 10 N with respect to potassium 
chloride. This was a characteristic feature of all further sedimentation 
potential results, even in barium chloride solutions, and is discussed 
fully in Section 6 (page 128),
Having made a fairly thorough investigation into the factors 
affecting the magnitude of the measured potential, the work was 
extended to studies on five other solids (listed below), in solutions 
of both potassium and barium chloride.
Materials (other than soft glass) used in Sedimentation Experiments.
Pyrex glass. Carborundum.
Fused silica. Silicon,
Fused alumina.
The experimental results obtained with these materials 
are given in Section together with values of the zeta potential 
calculated from equation (1) above. A full discussion is given in 
Section 6,
ooOoo
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PART 1.
A Study of Sedimentation Potentials in Aqueous Solutions*
Section 5*
Results obtained from other Surfaces,
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)
SOFT GLASS.
Mean, radius of particles (r) =
Density of solid (^>2  ^ =
Density of liquid (  ^ =
Total weight of solid used (W) =
Electrode distance (H) =
Dielectric constant (£') =
Velocity of fall (v) =
E E/M (volts/grm.) = A  (mv.min/grm.) x Appropriate constant
M 1 (pages 7k - 79).
The modified streaming potential equation is used to calculate the 
values of the zeta potential C •
*  9 X  l o 11 kTTP  ,  E  K  „
5 (mvs.)--- s —— ---- -— ■.....  x 1000 •
H eg (^ 2“ ?i.) M 
Where, the units of K are mhos.
Potassium chloride.
E/m X  K* = - 1.^05 X  10-8 (graph 7). S  = - 76.5 mvs.
(page 80).
see pages 7k - 79* 
2.88 grms./cc.
1,00 grms./cc. 
see pages 7^ - 79* 
k0•6 cms•
80.
see pages 7k - 79*
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PYRBX GLASS *
Mean Martins radius (r)
Total weight of solid used (W)
Density of solid (^
Density of liquid (^
Electrode distance (H)
Dielectric constant (£ )
Velocity of fall (v)
E E(volts/grm*) = /f (mv*min/grm) x 2.2?.
The modified streaming potential equation is used to calculate the 
values of the zeta potential C .
9 x 1011 klr o p E K v
(mvs.) = — . .. —  --.... "■1 x 1000 •
H€g (^ i> M
Where, the units of K are mhos*
Potassium chloride.
E/m x = - 1.^7 x 10~^ (graph 11), C  = « 9^*5 mvs*
Barium chloride.
\ x K 7  = - 1.26 x 10~8 (graph 11). ^ = - 81.0 mvs*
297/u
23*7 grms*
2*235 grms./cc*
1*00 grms*/cc*
*f0*6 cms*
80.
A-.42 cms./sec* (23*0°C).
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TABLE 11.
PYREX GLASS♦
Potassium chloride solutions.
No correction of velocity for temperature change.
1.
deflection per 
unit rate of 
flow (grms/min).
0.785 0.471 O.I98 0.705 0.1815
2. Grid bias. 450 450 450 450 450
3. R (megohms). 2.0 1.3 0.7 2.2 0.6
4. K (t°C) X 106(mhos). 2.79 4.49 8.18 2.57 9.58
5. t°C. 24,0 24.7 23.5 21.0 22.2
6* 2oj x 10 (poise). 0.914 0.900 0.925 0.981 0.954
7*
Ey (mv.min 
/f /grm)* 0.246 0.147 0.0613 0.222 0.0564
8. E/m (v/grm). 0.558 0.334 0.139 0.504 0.128
9.
--- x 10 •
KJ
(onms/poise),.
0.392 0.247 0.132 0.396 0.109 
.  _
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TABLE 12.
PYREX GLASS.
Barium chloride solutions.
No correction of velocity for temperature change.
1.
deflection per 
unit rate of 
flow (grms/min).
0.673 0.163 0.380 0.230 0.139
2. Grid bias. 450 450 430 430 430
3. R (megohms). 2.0 0.8 1.3 1.0 0.7
4. K (t°C) X  106(mhos). 2.86 7*53 4.30 6.06 8.38
5. •
oo
1<
23.5 23.2 23.0 23.7 21.7
6i 2yjn 10 (poise). 0.925 0.932 0.894 0.921 0.963
7.
E / (mv.min 
/f /grm). 0.179 0.0313 0.119
0.0714 0.0433
8. E/m (v/grm). 0.407 0.117 0.270 0.162 0.0985
9.
1 n-8 --- x 10
Kr(ohms/poise ).
0.380
. ...... . .
0.142 0.260 0.179 0.123
!
lO'O
Summary of the Results obtained by Quist and Washburn from the
Sedimentation of Pyrex Glass Particles.
The results of Quist and Washburn (10), obtained from the
sedimentation of Pyrex particles through solutions of sodium chloride,
are given in table 13 (cols. 2 and 3)» where is the total weight of
material between the electrodes. The value of is obtained from the
Eaverage of the figures for /M by means of the equation -
t
% % x K x A •
Where, H = AO cms. A = 8.55 sq. cms.
M = weight of solid per unit volume of suspension.
The specific conductivity of the distilled water used was 
-6approximately 1.A3 x 10 mhos, resulting in the following values of K 
—5 -»6
10 N sodium chloride solution. K = 2.68 x 10 mhos.
—A —6
10 N sodium chloride solution. K = 13*9 x 10 mhos.
i / Since = 0.0089 poise, then -
si- = 0.0808 x 10*8, and tl- (10-5N) = 0.419 x 10-8K
EIn graph 11, the values of /M obtained by Quist and
Washburn are shown plotted against 1/v , together with results fromiv ^
the present work in potassium chloride solutions. Considering that 
different electrolytes were used, and that the figures for the specifi 
conductivity given above are only approximate, the agreement between 
the two sets of results is reasonable.
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TABLE 13.
Results of Quist and Washburn.
(sodium chloride solutions).
1 2 3 A 5 6
1 . 0
--- x 10 .
K
E (volts) 
x 103.
(grms.) E 3- x 10^ 
Mt
mean
1 x 103 t
E 
• M
0.2 0.5^ 0.370
0.0808 0.3 0.80 0.375 0.116
-A
10 N soln. 0.3^ OrQ&k.
0. A 1.30 0.308
0.6 1.86 0.322
0.3 0.39 1.28
0.7 0.5^ 1.30
0.9 0.67 1.34
-
O.A19 1.1 0.80 1.38
0.458
lO^N soln. 1.34 0t 5O2
1^5 1* 06 1.A2
1.8 1.30 1.38
2.0 1.55 1.29
-
.2.5 1.86 1.3V
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FUSED SILICA,
Mean Martins .radius (r)
Total weight of solid used (W) 
Density of solid ( ^ 2^
Density of liquid (^
Electrode distance 
Dielectric constant (£) 
Velocity of fall (v)
278jfi,
25.8 grms.
2.183 grms./cc.
1.00 grms./cc.
AO.6 cms.
80.
k.13 cms./sec. (23«0°C).
E/M (volts/grm) E'/j (mv.min/grm) x 2.12 •
The modified streaming potential equation is used to calculate the 
values of the zeta potential C •
£
.11
(mvs.)
9 x 10 k rro e K 
 -------- — ----- L x 1000 .
Be g ^2**‘?1^ ^
Where, the units of K are mhos.
Potassium chloride.
E - 1.66 x 10-  ^ (graph 12). - 109 mvs,
Barium chloride.
^/^ x K 77 3 - 0.765 x 10  ^ (graph 12) - 50>0 mvs.
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TABLE 14.
FUSED SILICA.
Potassium chloride solutions.
No correction of velocity for temperature change. j
I
1.
deflection per 
unit rate of 
flow (grms/min).
0.924 0.564 0.281 0.550 0.248
2. Grid bias. 500 300 300 500 500
3. R. (megohms). 2.0 0.9 0.7 1.2 0.6
4. K (t°C) x 106 ‘ (mhos). 2.88 6.38 7.97 4.84 10.15
5. t°C. 22.8 22.25 23.5 25.0 25.75
6. 210 (poise). 0.940 0.932 0.925 0.894 0.878
7.
E i (mv.min 
'f / grm). 0.280 0.124 0.195 O.I67 0.153
8. E/m (v/grm). 0.593 0.263 0.202 0.354 0.158
9.
1 , .-8 --- x 10
(ohms/poise ).
0.370 0*165 0*136 0.232 0,113
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TABLE IN­
FUSED SILICA.
Barium chloride solutions.
No correction of velocity for temperature change.
1.
deflection per 
unit .rate of 
flow (grms/min).
0.V71 0,301 0.301 0.183 0.238
Grid bias. ^50 ^50 ^50 ^50 ^50
3. R (megohms). 2 A l.*f 1.55 0.8 1.0
k. K (t°C) x 106 
(mhos).
2.*U 3.95 3.67 7.12 5.75
5. t°C. 18.8 21.2 17.0 23.0 25.25
6.
2
7jx 10 (poise). 1.035 0.976 1.083 0.936 0.889
7.
Ey'. (mv.min 
/f /grm). 0.1^7 0.0936 0.0935 0.0568 0,0738
8. E/m (v/grm). 0.312 0.198 0.198 0.121 0.157
9.
1 1n-8 --- x 10
(ohms/poise),
o.koi 0.260 0.252 0.150 0.195
106
GRAPH 12.
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CARBORUNDUM (<*-SiC).
Mean Martins radius (r)
Total weight of solid used (W) 
Density of solid 
Density of liquid ((>^ ) 
Electrode distance (H) 
Dielectric constant {€ ) 
Velocity of fall (v)
123/i.
11*8 grms.
3*17 grms./cc.
1.00 grms./cc.
^0*6 cms.
80.
2,83 cms./sec. (23»0°C).
E/M (volts/grm) E/^ (mvs.min/grm) x 1.^7 •
The modified streaming potential equation is used to calculate the 
values of the zeta potential (7*.
(mvs.
.119 x 1 0  if7TQ2 EK<^
H e s - fl) m
x 1000 •
Where, the units of K.are mhos.
Potassium chloride.
E - 0.399 x 10 (graph 13). <T = - 21.0 mvs.
Barium chloride.
E
/ M  X
O
- 0.39^ x 10“ (graph 13) . r  = - 20.3 mvs.
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TABLE 16.
CARBORUNDUM (<* -SiC).
Potassium chloride solutions.
No correction of velocity for temperature change*
1.
deflection per 
unit rate of 
flow (grms/min).
0.351. 0.106 0.142 0.232
.—  •;
0.185
2. Grid bias. 450 450 430 450 450
3. R (megohms). 2.2 0.6 0.8 1.4 1.0
4. K (t°C) x 106 
(mhos).
2.57 9.22 ■7.01 4.19 5.34
5. t°C. 21.0 24.2 23.2 23.1 23.5
6. 2x 10 (poise). 0.981 0.910 • 0.932 0.934 0.925
7.
E / (mv.min 
' f /grm.) 0,110 0.0332 0.0443 0.0721 0.0576
8. E/m (v/grm). 0,162 0.0488 0.0632 0.106 0.084?
9.
1 ln-8 --- x 10
(ohms/poise ) •
. . . .  ......t.
0.396 0.119 0.153 0.256 0.202
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TABLE 17*
CARBORUNDUM (ec-SiC).
Barium chloride solutions.
No correction of velocity for temperature change.
•
deflection per 
unit rate of 
flow (grms/min).
0.227 0.373 0.294 0.103 0.158
• Grid bias. 450 450 450 450 450
• R (megohms)• 1.50 2.42 1.98 0.70 1*10
• K (t°C) x 106. 
(mhos).
3.80 2.37 2.88 8.12 5.23
• t°c. 22.3 21.3 21.7 21.1 20.9
2
10 (poise). 0.965 0.974 0.965 0.979 0.983
• E . (mv.min /f /grm). O.O7IO 0.117 0.0916 0.0325 0.0490
• E/m (v/grm). 0.104 0.172 0.135 0.0478 0.0720
•
X . . - 8  --- x 10
K 77
(onms/poise ).
■
0.273 0.463 0.362 0.126 0.195
GRAPH 13.
C A R B O R U N D U M  ,
M
A
(volts/qrm^
0.20
O  potassium chloride solns, 
@ barium chloride solns.
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SILICON.
Mean Martins radius (r)
Total weight of solid used (W) 
Density of solid (^
Density of liquid (^
Electrode distance (H) 
Dielectric constant (£) 
Velocity of fall (v)
106^ 1.
8.8 grms.
2,305 grms./cc,
1.00 grms./cc.
*1-0.6 cms.
80.
I.69 cms./sec. (23«0°C).
E/M (volts/grm) E'/^  (mvs.min/grm) x 0,870 .
The modified streaming potential equation is used to calculate the 
values of the zeta potential C •
/  9 x I0U  k TT P 3 E K-
5 (mvs.) =  — ---- L x 1000 .
H<5 g ( ^ 2“ ^ 1^ - R
Where, the units of K are mhos.
Potassium chloride.
E7% X Ky - 1.58 x 10'8 (graph Ik). G  = - 99*0 mvs.
Barium chloride.
E/ --  = - 0.830 x 10*8 (graph Xk). 5 = 52.0 mvs.y M x Ky
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TABLE 18.
SILICON.
Poatssium chloride solutions.
Correction of velocity for temperature change = 1.1%/°C.
1.
deflection per 
unit rate of 
flow (grms/min).
1,3V 0.915 0.6lif 0.967 1.39
2. Grid bias. V?o if 50 if 50 if 50 if 50
3. R (megohms)• 1.3 1.1 0.6 0.9 1.3
h. K (t°C) x 106 (mhos)* if.28 5.56 9.67 6.29 if,28
3* t°c. 21.if 18,if 23.if 2 if. if 22.if
6. * 2x 10 (poise). 0.972 l. oif6 0.927 0.906 0.9^9
7.
E/ (mv.min 
/f / grm). 0.if20 0.285 0.192 0.305 0.if36
8. E/m (v/grm). 0.359 0.235 0.168 0.270 0.377
9.
1 ■> n"8--- x 10 .
(ohms/poise).
0.2if0 0.172 0.111 0.176 0.2if6
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TABLE 19.
SILICON.
Barium chloride solutions.
Correction of velocity for temperature change = 1.1%/°C.
1.
deflection per 
unit rate of 
flow (grms/min)i
0.364 1.33 0,432 0.784 0.568
2. Grid bias. ■ 450 430 450 *+50 450
3. R (megohms). 0.7 2.Lf 0.85 1.4 1.0
4. K (t°C) x 106 
(mhos)•
8.30 2.34 6.65 3.98 5.47
3. t°C 23*3 22.4 22.3 24.3 23.2
6. 27^ x 10 (poise ) . 0.929 0.949 0.951 0.908 0.932
7. E > (mv.min /f /grm). 0.113 0.420 0.13*+ 0.245 O.I76
8. E/m (v/gra). 0.0987 0.363 0.116 0.216 0.153
9.
1
1 ln-8 --- x 10
(ohms/poise)•
0.130 0.452
1
0.138 0.276 0.196
GRAPH 14
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FUSED ALUMINA.
Mean Martins radius (r)
Total weight of solid used (W) 
Density of solid 
Density of liquid -^) 
Electrode distance (1) 
Dielectric constant (€ ) 
Velocity of fall (v)
llfyu
25*7 grms.
3*92 grms./cc.
1.00 grms./cc.
^0.6 cms.
SO.
3.11 cms./sec. (23#0(
E/M (volts/grm-) E/  ^ (mvs.min/grm) x 1.60 «
The modified streaming potential equation is used to calculate the 
values of the zeta potential
,11
(mvs.)
9 x 10 klT £ 2 E Ky
x 1000 •
H
Where, the units of K are mhos.
Potassium chloride.
E + 0.832 x 10 (graph 15). > = + 40.
C).
mvs.
Barium chloride.
E/]yj_ x K y  = + 0,880 x 10~^ (graph 15). ^ = + ^2.0 mvs.
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TABLE 20.
FUSED ALUMINA.
Potassium chloride solutions.
No correction of velocity for temperature change.
1.
deflection per 
unit rate of 
flow (grms/min).
0.584 0.566 0.247 0.162
2. Grid bias. 450 450 450 450 -
3. R (megohms). 2.1 1.3 1.0 0.6 -
4. K (t°C) x 10 (mhos). 2.72 4.25 5.78 9.58 -
3. t°C. 20.6 20.7 21.1 24.0 -
6. 210 (poise). 0.991 O.988 0.979 0.914 -
7.
E / (mv. min . 
7f /grm). 0.182 0.114 0.0766 0.0503 - - '
8. E/m (v/grm). 0.291 0.182 0.123 0.0805 -
9.
1 ,A-8 --- x 10
K7l
(ohms/poise).
0.370 0.238 0.177 0.114 -
TABLE 21.
FUSED ALUMINA.
Barium chloride solutions.
No correction of velocity for temperature change.
1 .
deflection per 
unit rate of 
flow (grms/min).
0.733 0.510 0.815 0.332 0.280
2. Grid bias. 450 450 450 450 450
3. R (megohms). 2.3 1.4 2.5 0.9 0.7
4. K (t°C) X  106 (mhos). 2.52 4.06 2.30 6.34 7.83
5. t°CU 19.0 22.9 20.0 20.0 20.7
6.
2
10 (poise). 1*030 0.938 1.005 1.005 O.988
7.
Ey (mv.min 
f /grm)• 0.231 0.162 0.256
0.104 0.0864
8. E/m (v/grm), 0.370 0.259 0.410 0.167 0.138
9.
1 , n-8 --- x 10
K7t
(ohms/poise)•
0.388 0.262 0.434 0.157 0.130
GRAPH 15.
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PART 1.
A Study of Sedimentation Potentials im Aqueous Solutions.
Section 6.
Discussion and Conclusions
120
Discussion and Conclusions
As discussed in the general introduction,
anumber of different methods exist for the determination of electro- 
kinetic potentials. Nevertheless, owing to experimental and theoretical 
difficulties, not all are in common use, and consequently most data 
are obtained from either electro-osmosis, streaming potential, or 
electrophoresis. Only within the last 12 years however, has correlation 
been obtained between the results even of these techniques*
a difference exists in the figures for the zeta potential of Pyrex 
glass in various concentrations of thorium chloride solution, given 
by the three methods mentioned above. The calculated potentials at 
zero concentration of electrolyte were -
In 1935* Monaghan, White, and Urban (32) pointed out that
Electro-osmosis 155 millivolts
Streaming potential -115 millivolts.
Electrophoresis -40 millivolts
These figures resulted from use of the familiar electro 
kinetic equation due to Helmholtz, Perrin, and Smoluchowski -
V
A 77^
Where, ¥ = velocity of motion
E^ = applied electric field 
£ = dielectric constant.
= viscosity
For the derivation of this equation it was assumed that the
dielectric constant and viscosity‘in the double layer are identical 
with the values in the bulk of the solution. In addition, the 
experimental materials must be non-conducting, and surface conductance ;| 
was assumed to be negligable. r|
■i i
The Smoluchowski equation, shown above, should theoretically 
apply both to electro-osmosis an4 electrophoresis, but Monaghan, White,
1
and Urban (32) found that in potassium chloride solutions at all
-2concentrations below 1 x 10 N, the electrophoretic mobility of 
particles of 1-3^ diameter Pyrex glass was less than the electro- j
osmotic mobility developed in Pyrex tubes. In very dilute solutions 
the mobilities differed by a factor of approximately 2.5* f
M
In 192^ Debye and Huckel (33) put forward a modified 
theoretical formula for the electrophoretic velocity, taking into j
account the effect caused by the action of the external field on the ji
double layer. Under the influence of this field the counter ions are 
caused to move in a direction opposite to that of the particle, and jf
in this way give rise to a decrease in the electrophoretic velocity*
This is known as the ’electrophoretic effect’.
V
Where V = the electrophoretic velocity.ep
X = a constant, dependent on the shape of the
particle. For spheres X = 6.
However, it was pointed out by Mooney (3*0 and by Henry (35)
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that no allowance was made in this equation for the distortion of the 
external electric field due to the presence of insulating particles, 
a factor which is negligable only when the particle diameter is less 
than, or equal to, the thickness of the double layer. This effect is 
implicitly taken into account in the Smoluchowski derivation.
ti
According to Henry, the Debye and Huckel treatment should 
aPply particles of approximately Ijx diameter in pure water, whereas 
in solutions more concentrated than 1 x 10 M, the Smoluchowski equation 
applies. At intermediate concentrations, X varies between the limits 
of k and 6. This permits the electrophoretic velocity to differ by a 
maximum factor of only 1.5 from the mobility due to electro-osmosis, 
and thus fails to account for the factors of up to 2.5 obtained by 
Monaghan, White, and Urban (32) in dilute solutions of potassium 
chloride.
The discrepancy may be due to a further effect which also 
has a retarding influence on the electrophoretic velocity, and which 
had not previously been taken into consideration. As mentioned earlier, 
the double layer is displaced by an applied electric field in a 
direction opposite to the direction of movement of the particles. In 
addition to the effect already described, this displacement gives rise 
to a retarding potential difference due to actual deformation of the 
ion atmosphere, resulting in an uneven distribution of ions of a 
given sign on opposite sides of the particle, in the direction of 
motion. Muller (36), assuming that this effect was analagous to the 
retardation of moving ions due to the deformation of the surrounding 
field (relaxation effect), calculated that the electrophoretic velocity
123
may be considerably diminished in dilute solutions.
From these considerations it may be predicted that in
-2solutions more concentrated than 1 x 10 M, the electrophoretic 
velocity should be independent of the size and shape of the particle, 
provided the radius is not excessively small, and should be numerically 
the same as the electro-osmotic velocity over a flat surface.
The problem of the influence of the relaxation effect on 
electrophoresis has been studied by many workers, but owing to the 
many assumptions and complex mathematical treatment involved, the 
results are far from satisfactory, and it must be concluded that 
reliable values of the zeta potential can be calculated from electro­
phoretic measurements only if the relaxation effect can be neglected. 
Unless the zeta potential is very small, this is only true for the 
case of large particles with a thin double layer.
Rutgers and De Smet (37) carried out extensive 
investigations into the' determination of zeta potentials by electro­
osmosis, using Jena glass capillaries of various radii and lengths.
The standard Helmholtz-Perrin-Smoluchowski equation was found to be 
applicable, provided that the thickness of the double layer was small 
compared with the diameter of the Capillary. The values of zeta 
resulting from the various experiments were in good agreement with 
each other.
Investigations into the use of streaming potential methods 
were also carried out by Rutgers and De Smet (38), when it was 
realised from preliminary experiments that, in contrast to the 
Helmholtz-Smoluchowski equation shown below, the radii of the Jena
12k
glass capillaries used in the experimental work had a large influence
on the values.of the zeta potential calculated for dilute solutions 
-5(below 1 x 10 N) of potassium chloride.
E c fs € b
P kffyK
Where, E = the streaming potential.s
P = the hydrostatic pressure.
K = the specific conductivity of the bulk solution.
This effect was attributed to surface conductance, and 
in consequence the specific bulk conductivity K in the above equation 
was replaced by a factor containing the measured resistance R of the 
solution in the capillary being used. This resulted in the following 
expression -
\  _ g g Bf2
P k+j 1
Where, s r = radius of the capillary used.
1 = length of the capillary used
The values of the zeta potential calculated from this
o$m o
equation agreed closely with those obtained from electrophonetic 
measurements on the same systems. No correction was necessary for 
surface conductance in the latter method owing to the absence of a 
resistance term in the governing equation.
It should be noted that not all streaming potential 
systems require allowance for surface conductance. The necessity of
125
such a correction is dependent on the particular material being 
studied, the radii of the capillaries, and the concentration range of 
the electrolyte being used.
: Further studies have been made by other workers using both
O 5fli o
streaming potential and electrophoretic methods on beds of the 
experimental material, prepared from particles of uniform radius. This 
technique is necessary where the solid being considered is not 
conveniently available in the form of a capillary. However, the 
correction factor for surface conductance in this case may be involved, 
being a function of the radius of the particles used.
It is evident from this brief summary of the more common 
of the electrokinetic methods that, subject to certain limitations 
and assumptions, all three techniques considered can give equivalent 
results, and can thus be used as fairly reliable scources of zeta 
potential data, with which values obtained from new methods may be 
compared. In addition, the sedimentation velocity method mentioned 
on pages 7 and 16, introduced by Elton (8), appears to offer an 
independent confirmatory method for the determination of zeta 
potentials.
It would appear from the recent work of O'Connor and 
Buchanan (39) however, that the main difficulty does not lie in the 
correlation of results from different methods, but in the production 
of reproducible surfaces on which to carry out comparative measurements 
The zeta potentials of a bed of sieved.quartz particles were determined 
from streaming potential methods after initial treatment of the
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material with various electrolytes, followed by washing in conductivity 
water of specific conductivity 1 gemmho. The resulting values of zeta, 
in conductivity water, were consistent for a given pre-treatment, but 
varied between -100 and -56 millivolts for two different samples, 
which were treated in some cases by ignition to 1150°C, and in other 
cases by the action of one of the following -
Sulphuric acid Calcium nitrate
Hydrochloric acid Potassium sulphate
Potassium hydroxide Potassium ferricyanide
Potassium carbonate Potassium ferrocyanide
The results from the use of surface active agents are not 
included in this discussion,
A further paper published by the same authors (^ 0) reports 
a similar effect on the surface of aluminium oxide, when values of the 
zeta potential from streaming potential methods varied between +70 and
■f
-59 millivolts, depending on the initial treatment of the surface. In 
contrast to the work on quartz, it was principally the time and 
temperature of ignition which was varied, hydrochloric acid being the 
only electrolyte used.
Nevertheless, there is agreement between the value of the 
zeta potential of freshly ground aluminium oxide in water given by 
the above workers (approximately +^ f0 millivolts) and the value of 
+40 millivolts obtained with potassium chloride solutions and alumina 
in the present studies (page 115)* In barium chloride solutions, the 
sedimentation potential method gave a zeta potential of +^2.millivolts
127
(page 115).
Jones and Wood (41) reported similar surface effects with 
streaming potential measurements on vitreous silica capillaries, 
although not to such a marked extent* It was found necessary to free 
the capillary surface from all adsorbed impurity remaining from  ^
previous use, particularly from multivalent ions, which greatly 
modified the electrical properties. One of the most successful methods 
of cleaning, from the point of view of obtaining a reproducible surface, 
was found to be initial treatment with boiling aqua regia, followed by 
hot conductivity water, prior to heating to near redness. Even this 
drastic procedure was not wholely effective in solving the problem 
of reproducibility, as it was found necessary to leave the surface in 
contact with the solution used for several days before equilibrium was 
attained.
- It would therefore appear desirable for all future published
work to employ either a standard method of cleaning the surfaces or,
failing this, a carefully detailed account of the particular treatment 
employed. This would permit precise repetition of experimental 
determinations by future workers, and enable accurate comparisons to be 
made between the results of standard techniques and the values from new 
methods for the determination of zeta potentials, by ensuring that the 
same solid surface is used in all cases.
As pointed out in the introductory section, the studies
described in this thesis have been directed primarily at establishing 
whether or not the sedimentation potential method may be used as a
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practical means of determining zeta potentials. Special investigations
have not therefore been made of any one particular surface, in fact,
as described in Section *f, the greater part of the experimental work
has been concerned with a study of the principal factors affecting the
magnitude of the measured sedimentation potential, and the establishment
of a suitable governing equation. Nevertheless, data has been obtained
with potassium* and barium chloride solutions for five different solid
surfaces in addition to the soft glass spheres used for preliminary
studies (Section 5)*
The results of these investigations support the evidence
summarised in Section *f in favour of the use of the modified streaming
potential equation (page'1*0. for evaluating the zeta potential from
sedimentation experiments.
The method has the advantage of requiring no correction
for surface conductance, since the concentration of solid during
sedimentation rarely exceeded 0.005 ccs. per unit volume of suspension,
thus ensuring that the change in the specific conductivity of the
electrolyte solution, due to the presence of solid particles, was
negligable compared to the overall experimental error. However, a
disadvantage exists in that experimental determinations are only
possible over a small concentration range, since, in general, the
-5potentials developed in solutions much above 5 x 10 N are too small 
to permit accurate measurement (page 2*0 •
This limitation can be overcome either by increasing the 
electrode distance above the value of *f0.6 cms. normally used for the 
experimental work, or by employing a more concentrated suspension. 
However, neither of these methods appear to be very advantageous
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owing, firstly, to the production of an unwieldy apparatus (page 2*0, 
and secondly, to the introduction of a large amount of turbulence 
during sedimentation, which might possibly lead to the breakdown of 
the governing equation. The second effect would also result in a mean 
particle velocity which was extremely difficult to determine.
As mentioned in Section 4, a particular feature of the 
results obtained has been the indication of a fixed zeta potential 
for all solid surfaces, over the concentration.range studied, in 
both potassium and barium chloride solutions. This is almost certainly 
due to the use of silver-silver chloride electrodes for recording the 
sedimentation potentials, since it has been shown by Dulin and Elton 
(43), that at low potassium chloride concentrations the effect of the 
silver chloride is to raise the numerical value of the surface charge, 
and lower the numerical value of the zeta potential of fused silica. 
Thus, the change in zeta over the experimental concentration range 
might well be within the total error of the method as a whole, estimated 
as not more than ±5%*
This is illustrated by a comparison of values from the 
present work with data obtained from sedimentation velocity and 
streaming potential methods in dilute potassium chloride solutions*
Silica in Potassium Chloride Solutions.
. ... ■ " 1 ....
Concentration 
of KC1.
.
£ 1(mvs.)
.
j^ 2 (mvs •) ^(mvs,) ^(mvs.) ^(mvs.)
-4
1 x 10 N. -129
i
■ • i
-129 j -134 -73.5
5 x 10~5N. -136
1
-135 ! - -109 -
1 x 10“5N. -156 -146 -142 -109 -86
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Where, (^   ^represents values from sedimentation velocity
measurements on fused silica by Dulin and Elton (^ 3)»
^ 2 represents values from a system similar to the above 
but saturated with respect to silver chloride#
£  2 represents values from streaming potential measurements 
with vitreous silica capillaries by Jones and Wood (4l) 
using silver-silver chloride electrodes.
^ ^ represents results from the present work (page 103)*
^ represents values from streaming potential measurements 
on quartz capillaries by Eversole and Boardman (31)» 
using silver-silver chloride electrodes.
The change in £  ^  and ^  , over the range 5 x 10""^ N to
1 x 10 N is less than ±5%, and hence might well pass unnoticed in 
sedimentation potential measurements.
Results from similar systems in dilute barium chloride 
solutions are shown below.
Silica in Barium Chloride Solutions*
Concentration 
of BaCl2. £  1(mvs.) £ 2(mvs.) £ ^(mvs.)
1 x 10 N. -59.5 -73 -
5 x 10_5N. -61 -
0tA1
1 x 10'5N. -7^ -93 -5°
Where, £   ^represents values from sedimentation velocity
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measurements on fused silica by Dulin and Elton (18).
^  2 represents values from streaming potential measurements 
through vitreous silica capillaries by Wood and Robinson 
(42).
represents values from the present work (page 103)*
A study was also made of the zeta potentials on silicon in 
potassium and barium chloride solutions (page 111). The resulting 
values were found to be similar to those for silica, and a comparison 
between the experimental results for the two materials is given in the 
following table.
Silica and Silicon.
Electrolyte Concentrationrange.
i
Zeta potential | Zeta potential 
(mvs.) Silicon. (mvs.) Silica.
_ .... . ! . . . ....... . .
KC1 5 x 10~5 - l x lcf5N -99 -109
’
BaCl2 3 x 10~5 - 1 x 10~5N
0IT\1C\J1A1
Thus, a similarity is indicated between the surface layers 
formed by both silica and silicon when in contact with electrolyte 
solutions, and suggests that the silicon atom may possibly be the 
important factor in determining the magnitude of the surface charge, 
and the associated zeta potential. This may either be due to reaction 
with water moleoules to form a layer of silicic acid, which 
subsequently ionises (see O'Connor and Buchanan (39))* or to the fact 
that the major part of the adsorption occurs only on the sites of 
silicon atoms.
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In Section it was shown that the value of -76.5 milli­
volts for the zeta potential of the soft glass spheres used for the 
preliminary investigations in potassium chloride solutions was in fair 
agreement with the value of -87.3 millivolts from streaming potential
measurements (silver-silver chloride electrodes) carried out by
-5Eversole and Boardman (31) for 1 x 10 N potassium chloride, especially 
in view of the probable difference in composition between the two 
glasses used.
The more useful data obtained for Pyrex glass (page 97) is 
shown below, together with electrokinetic potentials calculated by 
Ghosh, Choudhury, and De (16) from the results of Wigja (17), who 
used streaming potential methods on various Pyrex diaphragms of uniform 
particle radius in dilute potassium nitrate solutions. The correction 
applied by Ghosh, Choudhury, and De removed descrepancies between the 
zeta potentials calculated for diaphragms of differing particle sizes, 
and thus enabled a mean value ( J^) to be computed. In the table below 
^ ^  is compared with the value obtained in the present studies ( f^)* 
and also with figures obtained by Wigja ( ^ )  from Pyrex capillary 
tubes, again by streaming potential measurements.
Pyrex Glass.
Specific
conductivity
(gemmhos)
f (mvs i )
(KNO,)
3
C '
(KNO,)
3
f -(mvs.) 
(KC1)
^ ^ (mvs.) 
(BaCl2)
1.10 j -132 " -133 .. - -..
. 1.77 i . -130 -130 ■ ... _. - . —
3.05 -125 ■■■ -125.5 -9^.5 -81
6.90 -107 -119 -9^.5 -81
13.25 i -109 ; -115.5 -
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The values (  ^ obtained for Pyrex glass by Eversole and 
Boardman (31)t using streaming potential methods (silver-silver chloride
electrodes), are shown in the following table, together with results  1
 ^^ 2? ■P^tained ly Hirschler ■ (Mf) from sedimentation velocity 
measurements#
Pyrex Glass. /
Potassium chloride 
solutions* £ 1(mvs.) £ 2 ^m-vs • )
-410 N -122 -178
10~5N -131 -
These figures are considerably greater than those shown 
in the previous table, the reason for this not being at all clear.
Finally, the zeta potential ( (^) on the surface of a pure 
specimen of carborundum used in the present work (page 107) is shown 
below compared with values ( obtained by Mitchell (^ 5), using 
sedimentation velocity methods on samples of the commercial material.
Carborundum*
Electrolyte. Concentration. ^(mvs.) C 0(mvs.)
.....J cL ...
KC1 1 x 10“\ -102
KC1 5 x 10~5N -109 -21
KC1 1 x 10~5N -122 -21
BaCip 3 x 10*5N - -20.5
BaClp 1 x 10"5N - -20.5
13^
The marked difference between these two sets of values is
not suprising in view of the high proportion of carbon impurity
present in commercial carborundum, which in addition to modifying the 
surface may cause a considerable decrease in the specific resistance 
of the solid.
Owing to the uniform nature of its surface and its 
resistance to attack by acids, carborundum would appear to be a more 
useful surface, for comparative measurements, than either silica or 
soft glass. Problems of reproducible purity might, however, be difficult 
to overcome.
In conclusion to this Section it would appear, on the basis
of the evidence put forward, that sedimentation potential methods can
be applied sucessfully to the determination of the zeta potentials of 
solid surfaces.
00O00
PART 2.
Sedimentation in Non-aqueous Liquids.
Section 1.
Introduction.
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Introduction.
This part of the work was devoted to a few preliminary 
investigations into sedimentation through non-aqueous liquids. An 
attempt was made to reproduce the results of J. Stock (^ 6) who, in 
191 +^, published data obtained from the sedimentation of quartz powder 
through toluene and ether. This has been the only systematic 
investigation using liquids other than water and electrolyte solutions 
up to the present day.
Stock allowed various weights of 2ji diameter quartz 
particles to sediment through ether and toluene contained in a long 
glass tube of cross sectional area l,kk sq. cms. The potentials 
developed were measured on a quadrant electrometer via platinum wire 
electrodes sealed into the tube, one electrode being connected to the 
centre needle (’live' electrode), and the other earthed. It was 
necessary to use this type of measuring instrument since, owing to the 
extremely high resistance paths being dealt with, the potentials were 
virtually electrostatic in nature* The specific resistances of the 
liquids used were obtained by applying a known voltage across two 
further platinum electrodes, and recording the flow of current on a 
sensitive galvanometer.
The results are shown in graph 16 (page 139) • W was the 
total weight of powder and E the sedimentation potential. As expected, 
the voltages were far greater than those developed in aqueous solutions, 
owing to the very low specific conductivities encountered. Sedimentation 
of the solid was effected by first allowing all the quartz to collect 
hi dhe eiid bf the tiibb* Which was then rapidly ziiVei»ted; Stcdk found
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that the potential gradient was by no means linearly dependent on the 
distance between the electrodes, in fact, deflection only occured 
when the powder was directly in the vicinity of the live electrode.
No difference was apparent whether the earthed electrode was connected : ; 
or not. Assuming the concentration of particles around the electrode 
to be the controlling factor in the size of the deflection obtained, 
the tendency of the potentials shown in graph 16 to a constant figure 
with increasing weight of quartz was, in the opinion of the present 
writer, probably due to the fact that addition of material tended to 
increase the size of the solid cloud rather than the particle '
concentration in it. Decrease in specific resistance due to surface 
conductance may also have had an effect.
As shown in Part I (page 1*0, the streaming potential 
equation can be modified to a form applicable to sedimentation, and 
Stock used this to calculate the zeta potential of quartz in both 
toluene and ether. Values of W employed in the calculations corresponded 
to potentials of approximately half the maximum values shown in 
graph 16 (page 139)*
f  - g g C 1
W b TTKA  ^^ 1000 9X1011
-3In toluene a zeta potential of the order of 10 millivolts 
was obtained, whereas ether gave a figure of approximately 5 millivolts. 
However, the application of the above equation to a case where the 
potential developed depends solely on the concentration of solid 
around one electrode is open to doubt, and the values of the zeta 
potential may well be considerably in error.
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Nevertheless, as pointed out by Stock, these results represent one of 
the few cases where the method of sedimentation potential has proved 
very sensitive in detecting the presence of a charged surface, previous 
work using electro-osmosis having been unable to detect any adsorption 
of ions from non-aqueous media. The absence of any detectable 
experimental effect is due to the extremely high specific resistance 
of the liquids used and the very low values of the zeta potential.
This results in the production of large sedimentation potentials 
whereas, since the equation governing electro-osmosis (see below) is 
independent of a conductivity term, the resulting liquid velocity is 
too small to measure.
V
k 7T
Where V = the velocity of liquid flow
Ef = the field strength
ooOoo
GRAPH 16.
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Sedimentation in Non-agueous Liquids*
Section 2*
Apparatus, Materials, and Technique.
Ikl
Apparatus, Materials, and Technique,
The sedimentation apparatus 
used was similar to that employed by Stock (If6) • It consisted of a 
]?y.rex tube 2 metres long and cross sectional area 1.5^ sq. cms. closed 
at each end with a Bl4 ground glass joint. Two platinum wire electrodes 
were sealed in, equidistant from the ends and 110 cms. apart. The wires 
attached to the electrodes were run down the outside of the tube to 
its centre before passing to the electrometer, in order to facilitate 
rapid inversion of the cell during experimental determinations.
A quadrant electrometer, consisting of a flat metallic 
needle suspended by phosphor bronze wire between four independent, 
horizontal, hollow, brass quadrants was used to measure the sedimentation} 
potentials developed. Integral with the needle was a small mirror 
reflecting a spot of light onto a glass metre scale. One pair of 
diagonally opposite quadrants was earthed and also connected to one 
of the cell electrodes, while the other electrode was attached to the 
suspended needle via a tap switch S (page IV?)• A potentiometer 
circuit consisting cf four nickel iron accumulators in series with a 
fixed 10,000 ohm carbon resistance and a 1000 ohm variable standard 
resistance R was constructed. The positive side of the potential 
developed across R was fed to the remaining pair of quadrants and the 
negative side earthed. Thus when a voltage was applied to the instrument 
from the sedimentation cell, the corresponding deflection of the 
needle was recorded on the glass scale, the sensitivity of the 
instrument being dependent on the value of R. Before use calibration at
the required sensitivity was necessary.
Ik2
The voltmeter, together with the light source and scale 
were mounted on felt pads on a slate bed of dimensions V X 2 ,x l H 
which was in turn supported at each corner by a pyramid of four tennis 
balls to reduce vibration to a minimum. The slate could be raised 
when not required to avoid permanently deforming the balls.
In order to enable easy reversal during experimental 
determinations, the leads from the sedimentation cell were not attached 
directly to the voltmeter, but dipped into two intermediate mercury 
cups. These were necessary, since it was found convenient to always 
use the lower electrode for potential measurements (see later), 
resulting in the change over of leads before each experiment. In 
addition, all wires except those earthed were insulated by passing 
through the centre of rubber bungs to prevent contact with the 
supporting clamps and surrounding apparatus. The mercury cups were 
also sheathed in rubber.
Before use, the tube was cleaned with chromic acid, 
washed 20 times with tap water, 10 with distilled, and finally 10 
times with equilibrium water before being allowed to dry. It was then 
well washed with the appropriate hon-aqueous solvent and a weighed 
amount of silica powder added prior to filling. After rapidly inverting 
15 to 20 times to break up as much agglomeration as possible, the 
tube was clamped vertically and the lead wires placed in the 
corresponding mercury cups, which were then interconnected by a 
shorting wire W. This effectively earthed the whole system and prevented 
any accumulation of charge. After 10 minutes W was removed and the 
tube inverted with lateral shaking to break up the solid and prevent 
it falling as one mass. The sedimentation potential set up was
• 1^ 3.
recorded.
For experimental purposes no 2jx diameter quartz powder, 
as used by Stock, was available. Determinations were therefore .carried 
out using 20 t2jx diameter silica particles. Approximately 30 grams 
of the material were cleaned using the benzene-sulphuric acid 
technique shown on page 35» prior to washing several times with ether 
or toluene in a 230 ml. oonical flask. The solid was dried by heating 
to l*fO°C on a calcium chloride bath in a stream of dry air, and then 
stored in a vacuum desiccator until required.
With regard to the non-aqueous liquids used, since Stock 
gave no indication of their quality or dryness, extensive purification 
was not carried out. The ether was dried initially over calcium 
chloride and then left two days over sodium wire before distilling.
No precautions were taken with the toluene, the straight forward 
AnalajR product being employed.
ooOoo
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Results and Conclusions.
Toluene. It was evident from the first few 
determinations that, as found- by Stock (*+6), the voltmeter only 
indicated a potential when the solid was in the vicinity of the live 
electrode, thus clearly indicating the absence of a potential gradient 
throughout the liquid as a whole. For experimental purposes it was 
found more convenient to always use the lower of the two platinum 
wires for voltage measurements, since the electrometer then had 
approximately one minute to become steady after inversion of the tube 
and before the arrival of the silica. Use of the top electrode 
resulted in almost immediate deflections.
Due to the relatively high velocity of the particles 
(approximately 1 cm./sec.) the sedimentation potential was not 
developed for sufficient time to allow the electrometer to cease 
oscillating and assume a steady value. Consequently, it was necessary 
to adopt the method of opening the switoh S (page 1^1), thus 
disconnecting the cell, before the end of the initial swing, therefore 
causing the light spot to slow down and not considerably exceed the 
scale reading corresponding to the true potential. By closing S again 
at a suitable time it was possible to arrive at the steady value in a 
very short period.
: Probably the most interesting point arRising from this 
work was the indication of a reverse potential directly behind the 
cloud of solid material. In both toluene and ether, the initial 
deflection due to the arrival of the particles at the bottom electrode 
suggested a negative charge on the silica surface. However, in both
l*f6
cases, immediately after the passage of the solid, the voltmeter 
deflection reversed and arrived at a new steady value, which slowly 
decreased to zero over a period of several minutes. This was not an 
instrument effect, since similar results were obtained if the switch 
S was not closed until the solid had passed the electrode.
Thus there appears to be a definite indication of the 
presence of a positive ion atmosphere travelling down behind the 
particles. The magnitude of this reverse potential was of the same 
order as that developed by the solid.
Despite repeated experimental determinations, it was 
found impossible to obtain results consistent to within 150%. Identical 
experiments carried out over a period of several days resulted in 
widely varying potentials showing no systematic trend. A typical set 
of values for toluene containing *f.l grms. of silica are shown in 
table 22 (pagelii-9)» The results are, however, of the same order as 
those obtained by Stock, and if the maximum values of the potentials 
obtained for the four weights of silica used (1.0, 2.0, 3«1» and ^.1 
grms.) are recorded on graph 16 (table 23)♦ they agree closely with 
the existing curve. This does not necessarily indicate that they are 
correct, but it does suggest that the potential developed depends on 
the weight of material around the electrode rather than the surface 
area, since otherwise very much smaller deflections would have been 
expected, corresponding to the difference in area between 2 and 20ji 
diameter material. However, this would have been influenced to some 
extent by the marked agglomeration of the silica that occured. In 
view of the inconsistency of the results and the absence of a suitable 
equation to interpret them, it did not appear profitable to continue
1A7
the investigations further.
Ether. The same experimental procedure was adopted for 
sedimentation in ether as that used for toluene. The presence of a 
positive ion atmosphere directly behind the falling particles was again 
encountered. As experienced by Stock, the potentials developed were 
considerably smaller than those obtained in toluene, but the same 
trouble of inconsistent results was apparent, together with considerable 
agglomeration of the solid. Table Zk (page 1^1) shows some values 
obtained in both wet and dry ether,
A few determinations were carried out using soft glass 
spheres sieved to the size range 39 t 3p- radius, but similar lack of 
reproducibility was encountered.
Experiments were also conducted using silica in equilibrium 
water, but, as expected, the deflections were too small to. measure.
With increasing weights of silica, it was observed that 
in both toluene and ether the boundary between liquid and solid became 
increasingly sharp. This phenomenon, also noticed by Stock, was 
probably due to mechanical hinderance since, owing to the small cross 
sectional area of the sedimentation tube and the agglomeration of the 
solid, considerable turbulence occured. Due to the very small zeta 
potentials and corresponding small charge per unit area on the solid 
surface, it was very unlikely any electroviscous effect was in 
operation. i
In order to obtain reliable results for sedimentation ip
1A8
non-aqueous liquids, a suitable method may be to use the apparatus 
and technique adopted for aqueous solutions (page 23)* but with 
considerably reduced electrode distances. This would have the effect 
of reducing the internal resistance of the cell to a value such that 
a conventional valve voltmeter could be used without virtually 
isolating the grid from the cathode due to too high a resistance path.
0 0 O 0 0
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TABLE 22.
Results obtained from the Sedimentation of Silica through Toluene.
Weight of silica used = 4.1 grms.
Sensitivity ■ = 2.60 volts/cm.
Rest position 
D-^ (cms.).
Maximum steady 
scale reading 
(cms.).
Deflection Sedimentationpotential
(volts).
5.7 11.5 5.8 15.1
5.7 16.0 11.3 29-^
5.6 16.2 10.6 27.6
5.4 18.7 13.3 3^.6
5.4 28.4 23.0 59.8
5.0 27.0 22.0 57.2
5.0 23.6 18.6 48. 4
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TABLE 23.
Maximum Deflections obtained for Varying Weights of Silica 
Sedimenting through Toluene.
Sensitivity = 2.60 volts/cm.
Weight of 
silica (grms.)
Maximum 
deflection 
(cms.)•
Sedimentation
potential
(volts).
1.0 8.3 22.1
> .........................-r -  •• r-
2.0 10.^ 27.0
' 3*1 17*3 ^5.0
'4.1 23.0 59-8
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TABLE 2k.
Results obtained from the Sedimentation of Silica through Ether.
Sensitivity = 2.60 cms./volt.
All figures express the sedimentation potential set up
in volts.
Dry ether' 
1.0 grms. 
of silica
Wet ether 
1•0 grms• 
of silica
Dry ether 
2.0 grms. 
of silica
Wet ether 
2.0 grms. 
of silica
3.99 0.51 10.3 0.12
4.37 0.16 0.73 0.84
5.04 0.26 0.69 0.35
4.39 0.08 0.5*+ 0.23
2.73 o.ko 0.31 0.19
5.27 0.14 O.38 0.12
5.29 0.06 0.9*+ 1.97
0.44 0.97 1.86
0.24 0.12
0.96 0.06
0.72
0.19
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PART J5.
/
Preliminary Investigations into 
the Application of Sedimentation Potential Methods for the Determination 
of the Particle Size Distribution of Fine Powders*
Section 1*
Introduction and Theoretical Treatment,
Introduction,
I: j:
The experimental determinations in Part 1 were conducted
using, as far as possible, particles of uniform radius (pages 2k and 35) ^
i j |  | !
since constant rate of fall was necessary to determine the weight of 
material between the electrodes. In addition, a particle velocity well 
in excess of the Stokes law range was required to ensure steady flow j, j|
of solid through the inlet tap of the apparatus (page A-5). I 1
I!
In contrast, this part of the work is devoted to the j
i\:
sedimentation of heterogeneous samples of powders, containing particles I '
l i  !i■ ■ ■ ■ ■ ■ •  i :
of up to approximately 25p. radius, and hence falling with a velocity
within the Stokes law range. When such a powder is uniformly dispersed J)
■ '■ l:l
throughout an electrolyte solution, and the sedimentation potential i J
measured between two different levels, then the initial value obtained I
1 ■ • 1
will be due to the sum of the potentials developed by each individual ,
I] j)
particle. However, since the large material soon falls clear of the two j, |
H'electrodes, a drop in potential results, and this oontinues until all f\ 
the powder has settled out. Thus, from a graph of sedimentation !
I1 1
potential against time, it should be possible to obtain a particle 1
size analysis of the powder concerned, since the shape of the curve
i
would be characteristic of the distribution of radius within the sample, i
A check on the accuracy of the method would be easily available through
a microscope count.
A .theoretical treatment has been put forward by Elton (*f?), 
and is given in the following pages.
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Calculation of the Sedimentation Potential Developed between Electrodes 
at Distances ffi and h cms. below the Surface of an Electrolyte Solution 
containing &  Uniformly Dispersed Suspension of ja Heterogeneous Powder.
Consider a heterogeneous sample of a given solid uniformly 
distributed throughout a dilute electrolyte solution of specific 
conductivity K. Let the associated zeta potential be £  , and assume that 
the specific conductivity of the suspension is the same as that of the 
bulk solution.
represents the number of particles per unit volume of a particular size 
group having a radius i and a velocity u^ . Then, using the modified 
streaming potential equation shown on page l b t this group will set up 
an initial potential difference (time t = 0) between the liquid 
surface and a point H cms. below, which is given by -
Let the system consist of n size groups, where n^
E.
10
Where a a constant for a specific solid in a given 
aqueous solution of specific conductivity K
at a constant temperature
After a time t however, due to the sedimentation of the 
particles, the potential will have decreased to a value given 'by -
E'it an^i^(H - bi^t)
Where,
b
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However, since the radii of the particles within the sample 
vary in a continuous manner and do not, in fact, occur in groups, the 
potential existing after a time t, due to all the particles, is given 
by -
'r
E, a I n^i^(H - bi^t)di .
HWhere, R = radius of particles having a velocity of ■£■ cms/sec.
All material of radius greater than R has settled past the 
lower electrode, and thus does not contribute to the potential being 
measured.
The potential difference existing at time t between two 
electrodes at H and h cms. below the surface, can therefore be expressed 
as -
Ej. = a I n^i^(H—  i^bt)di - a / n^ i"^ (H - bi^t)di (1).
Where, _ JL and 2 _ JL.~ b t • “ b t *
Hence, r =
Also, dRdt
bR , dr
2H ’ dt
br
2h
Now, since
E,
R 3 /r 3
aH I n.i - / ahn^i di - abt
o Jo
K c [T 5
n.i di - / n.i di.i / io Jo , .
y (2). .
Therefore,
E
R , /<■$>"* , „H /E
t - aH j n.i di - ah / n.i di - .-j , ^
Differentiating equation (2) with respect to t -
dE
dt aHn^R^ - ahn r^ ■—  - abt R dt r dt
, _5 dR 5 dr
bHR dt ' nrr IT
- ab
R 5 / *  5
n.i di - / n.i di
o 1 J o 1
6 6 abn_R abn r
- J -  + — abt 2H
n.i diab
bn r r
2h
ti dEHence, - ab
R 5 /r
n^i di -
o J o
d2ETherefore, — «■
dt
ab2 _8 ab2 8 
2H Hr ~ 2h nrr '
ab2 8 * h^ \
2H R R ^3 nr
Thus, d2E
dt2 4  - 4 V2b H
If then nR t^ -^ -1 x (a constant) dt
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ij.
Thus, according to the above equation, the function t —
dt
is proportional to the total number of particles of radius R per 
unit volume in the experimental suspension. The value of R is defined 
by a particle velocity of ^ cms./sec. Therefore, it appears possible 
to obtain a particle size distribution of a given sample by merely 
observing the change in sedimentation potential with time, no values 
for the specific conductivity, total weight, density etc. being required. 
In addition, it is not necessary to calibrate the deflections D produced 
on the voltmeter (page 55)» since an absolute value for the potential
is not required, merely the slope of the experimental curve at various
values of t. Hence in all the experimental work and the associated 
calculations, the value of D is used in place of the actual voltage E.
A weight distribution of the particular sample (nO is
5* d. E d Eobtained by use of the function t *— r* in place of t — 5- •
dt dt
By extending the above theoretical treatment, it is possible
to obtain expressions corresponding to a cumulative oversize and a
cumulative undersize distribution.
From equations (2) and (4),
(10)
2 2 8 8- . dE v . / „ n abt/ ^6 6X ■ ab t ,n^R n r sE. - t—  = aH( J O  - ah( ) + -r-(nJR - n r )   —  ( R - )t dt o R  o r  2 K r 2 g”"
Where, = the total mass of all particles per unit volume of
H 
"tsuspension having a velocity of less than -r cms./sec
M = the total mass of all particles per unit volume of 
o r
ll
suspension having a velocity of less than *7* cms./sec
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From equation (10),
Et - = aH( ftp) - ah( M ) (11).t at o R o r
This equation makes possible the calculation of a
cumulative undersize distribution curve provided the value of h( M )o r
is negligable compared to H(qM^). This will be true in most cases
except at very large and very small values of t, when ^  becomes equal
to Mn. Thus- o R
Et - 4f  = aH(o V  <12)-
The sedimentation potential at zero time is given by -
E a(H - h) M (13).
O O <*3
Hfence, from equation (10) -
(Eo - V  + = sH(eV - ahW  a k ) '
Where, = the total mass of all particles per unit volume of
suspension having a velocity greater than — cms./sec.
a the total mass of all particles per unit volume of 
suspension having a velocity greater than cms./sec.
This equation, representing a particle oversize distribution,
is of no practical importance since, at small values of t, ^^greatly
exceeds JM , whereas when t becomes large the two quantities tend to 
R o©
equality.
00O00
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of the Particle Size Distribution of Fine Powders.
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Apparatus, Materials, and Technique.
Preliminary experiments were 
conducted using the apparatus shown in Fig, 9 (page 165). This 
consisted essentially of a Pyrex container 25 cms, long, and 2,2 cms, 
diameter, with side arms 5 cms, long at distances of 5» 12, and 19 cms.
from the lower end. These were arranged at right angles to oneanother,
and terminated in a "Blk socket for the insertion of silver-silver 
chloride electrodes (page 33)» as shown in the apparatus on page 29.
In this case however, the electrode contact tubes containing mercury 
were extended to the level of the cell top, a glass support being 
provided where necessary.
Carborundum powder (320 and 700 mesh) supplied by the 
Carborundum Co. Ltd# of Manchester was used for the initial experiments. 
100 grms. of the material supplied were cleaned by washing several times 
with industrial spirit, pouring off the supernatant liquid, and then 
adding sufficient concentrated nitric acid to cover the solid to a 
depth of several cms* The products of the ensuing reaction (lilditch 
reaction) were found very efficient for cleaning purposes, and the
method is used here in preference to the benzene and sulphuric acid
treatment (page 35) since, owing to the high viscosity of sulphuric ' 
acid, fine powders take a considerable time to settle out. Further, 
only one addition of nitric acid was necessary, whereas in the case of 
sulphuric acid several washings would be required. After cleaning, 
the solid was rinsed 20 times with tap water, 10 with distilled, and 
finally 10 times with equilibrium water before making up to 500 mis. 
and storing in a clean glass stoppered graduated cylinder
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(suspension A). This resulted in a concentration of solid of 6.3% "by 
volume•
All glass apparatus, including the cell, was cleaned by the
method described on page 39» the silver-silver chloride electrodes being
identical in construction and preparation to those employed for the
determinations carried out in Part I. Apiezon grease (N) was sparingly
used where required to prevent leakage of the solution from the cell.
In order to obtain as large a sedimentation potential as
possible, without incurring too great a particle interaction during
settling, a concentration of solid of approximately 3% was used in 
—51-2 x 10 N potassium chloride solutions. This was obtained by diluting
the required volume of the concentrated suspension A to 100 mis. in a
graduated cylinder with the' appropriate amounts of equilibrium water 
-A
and 10 N electrolyte. A total volume of 100 mis. was used for all 
determinations since this gave a convenient liquid level 1.0 cms. 
above the top electrode. Attempts to increase the potentials by the 
use of more dilute solutions resulted in a decrease in the stability 
of the voltmeter readings* This has already been discussed on page.23» 
Before use, the experimental suspension was shaken for 1 
hour to break up agglomerates, and then transfered to the clean 
sedimentation cell, which had previously been left overnight filled 
with equilibrium water. After shaking for 10 minutes to ensure uniform 
concentration of solid and electrolyte, the cell was clamped vertically 
and the sedimentation potential developed measured at convenient time 
intervals, using the valve voltmeter described in Part I (page 31) •
It was found convenient to use the top and centre electrodes for all
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experimental measurements, since there tended to be considerable 
particle interaction around the lowest one due to its close proximity 
to the bottom of the tube.
Depending on the size distribution of the sample used, the 
time taken for the smallest particles to settle past both electrodes 
could be of the order of several hours. Consequently it was necessary 
to take into account the drift of the voltmeter during this period 
due to a drop in the voltage of the high tension battery. As pointed 
out on page 5^, this was unnecessary for the experimental procedure 
adopted in Part I, which required only a few minutes for each complete 
determination. Therefore the technique adopted was to record, in 
addition to the normal readind D^, the value ('standard1 reading) 
of the microammeter A when the cell was switched out of the grid 
circuit and replaced by a short circuiting wire. This was accomplished 
by a rotary switch (Fig. 7» page 57)» the tap switch S being 
depressed during the change over to prevent damage to the microammeter 
A due to momentary open circuit in the grid system. The true voltage 
developed was then proportional to the difference between the two 
readings D-^ and D£, where I^-D^ eclua^s ^ (see page 157)« The standard 
reading D  ^was determined as rapidly as possible after recording D-^ , 
the cell being then immediately returned to the grid system. By this 
means the electrodes were in circuit as long as possible before the 
next determination was due, thus ensuring that any disturbance produced 
by the change over had subsided.
It was found that owing to the short electrode distance 
(6.2 cms.) it was unnecessary to draw a current of warm air past the 
cell, only electrical screening being required.^Determinations were
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repeated on the same system after shaking the cell for 10 minutes to 
redisperse the solid.
To obtain a comparison of the results with those from 
another method* a microscope count was taken on each sample used. This 
was done by withdrawing, by means of a pipette, 5 different portions of
approximately 1 ml. each from the centre of the suspension, after first
ensuring uniform solid distribution by thorough shaking. The specimens 
were mounted on individual slides, and approximately 100 to 120
particles counted on each, by means of a calibrated glass scale
contained in the eyepiece of the microscope. To facilitate counting, 
and to ensure a selection representative of the original suspension, 
a moving stage was used, only one traverse near the centre of the slide
normally being required to obtain the necessary number of counts. The
diameters of all the particles counted on each slide were recorded and 
combined prior to division into a convenient number of size groups, of 
which the average radius was determined in order to obtain a particle 
size distribution. The diameter of irregularly shaped material was 
taken as the distance between opposite sides of the particle, measured 
crosswise, and on a line bisecting the projected area (page 35)*
Later work was carried out on a specimen of Pyrex glass
spheres kindly supplied by Dr. Timbrell of the Cardiff Pneumoconiosis 
Research Unit, and prepared by blowing crushed Pyrex glass through an 
acetylene flame. These spheres proved very useful for this section of 
the work since an accurate microscope count was easily obtained, thus 
providing reliable data to compare with the sedimentation results. In 
addition, settling rates could be calculated precisely from Stokes Law.
Before use the spheres were cleaned in the manner described; for the j j j
carborundum (page 160), |j|
' ;  ' " ■ ■ ■  •  ■ | l i ! |
Nevertheless, due to the small electrode distance of the Nj
•’ 1 
apparatus shown on page 165, it was necessary to use concentrations of
solid of approximately 3% in order to obtain potentials sufficiently
lf.rge to be measured accurately. This resulted in a certain; amount of j jj
- . N'particle interaction, and consequently it was decided to conduct all !|
experiments on the spheres in a cell having an electrode distance of j  . j j
1 I ■!t"0.0 cms., thus permitting the use of more dilute suspensions. As shown j 1
oh page 166, the new apparatus consisted of a Pyrex tube of; diameter [ :
3j3 cms*, 69 cms. long, and closed at either end with wide bore taps A | !|
arid B (5 mms* bore ). The side arms D, E, and F were 5 cms. long and j  [■
terminated in Bl^ f sockets for the insertion of silver-silver chloride Hi!
j : j |
electrodes at distances 10, 30, and 50 cms. from the lower end. The cell
was filled via a Pyrex funnel having an extended stem just small enough !
■i •' U
to pass through the tap A. The experimental technique adopted was to 
prepare 1 litre of the required suspesiSion, and use ^ or 5 portions of , <
j - ;l
this to wash out the apparatus before filling to 2.0 cms. above the top 
electrode. The cell was then shaken for 10 minutes before use to obtain | 
uniform dispersion and a minimum amount of agglomeration. n |
Owing to the increased electrode distance, it was found 
possible to obtain satisfactory results from a suspension of 1% by
volume, and this concentration was used for all further determinations. j :
However, in order to prevent instability caused by humid conditions |r
(page 26), it was necessary to use the apparatus shown on page 30, 
which, in addition to providing electrical screening for the cell,
I6*fa
maintained dry conditions by the use of a stream of dry warm air#
The experimental size disrtibution curve was compared with 
that obtained from a microscope count#
0 0 O 0 0
FIG. 9.
DIAGRAM OF SEDIMENTATION CELL USED FOR EXPERIMENTS ON
CARBORUNDUM POWDER.
FIG. IO.
DIAGRAM OF APPARATUS USED FOR EXPERIMENTS O N  PYREX
CLASS SPHERES.
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Results.
Preliminary experiments were carried out, as explained in
Section 1, on two grades of carborundum powder (320 and 700 mesh),
using the apparatus shown in Fig. 7 (page 165)#
Values for the variation of the observed voltmeter deflection
D (page 162) with increasing time t are shown in graph 17 and table 25 *
for the sedimentation of a 3*17% suspension of 700 mesh carborundum
-.5
through a dilute potassium chloride solution (approximately 1 x 10 N).
The distance between the upper and centre electrodes (used for all 
experimental work) was 6.2 cms#, with an additional 1.0 cms. (h) to the 
liquid surface. This resulted in a value of 7*2 cms# for H, thus
3
satisfying the condition required in equation 8 (page 157) that h
3
should be negligable compared to H , while still retaining enough depth
of liquid above the top electrode to ensure that only a very small
fraction of the particles present near the surface at the outset of the
experiment had fallen to a position between the electrodes during the
time required to take the first measurements.
The values of were obtained at convenient timedt
intervals from graph 17 (page 177)? in order to attain sufficient 
accuracy it was found preferable to draw in the normals to the curve 
rather than the tangents. This was carried using a small, plane, straight 
edged mirror, which was orientated until the actual curve and its 
reflection at a particular value of t were continuous, when the glass
face was accurately at right angles to the graph, and thus represented
cUD
the direction of the normal. The resulting values of are shown
plotted against the corresponding figures for t in graph 18 (page 179)!
and in a tabular form on page I78.
d2DBy the same method, the second differential /^t2 *
k- d2D
and hence the required function t ^dt2 ’ was stained ^or a
series of values of t (table 27* page 180). According to equation 8
on page 157* these figures represent the total number of particles per
7 2unit volume of suspension n^ having a velocity of fall of 
cms./sec. In order to calculate the value of the radius R associated 
with this velocity, it was necessary to assume the validity of Stokes 
law, despite the irregular shape of the material. In addition, to 
compensate for the particle interaction resulting from the fairly high 
concentrations of solid employed, use was made of an equation (*+8) 
derived for the sedimentation of a suspension of spheres contained in 
a vessel havig a diameter which is large compared with the average 
distance between particles.
v = v c 1 + 6.875V r1.
Where, v = the sedimentation velocity.
vq = the velocity given by Stokes law for a single
sphere in an infinite extent of fluid.
V = the total volume of particles in unit
volume of suspension.
This equation is not wholely applicable however, due to the 
size variation throughout the samples considered, coupled with the, 
constantly decreasing concentration of the suspension as sedimentation 
proceeds. It does nevertheless give an approximate correction.
Hence,
2g((> 2- ^ R ^ U  +' 6.875#
Where, R = radius of particle.
1} = viscosity of liquid (0.01 poise, since all v
experiments were carried out at approx. 20°C.). 
^ 2 s density of the solid.
^ ^  = density of the liquid.
- Thus, it was possible to calculate the radius R of the 
particles corresponding to the values of t^  ^ 2. shown in table
p
27 (page 180). The resulting graph of t^ d ^dt^ against R which, 
according to the theoretical calculations, should represent a particle 
size distribution of the sample being considered, is shown on page 181, 
together with the results of a microscope count carried out as described 
on page 163*
Comparison of the two methods shows that although agreement 
between the values of R corresponding to the maxima in the curves is 
good, considerable disagreement exists for the remainder of the 
distribution. This may well be the outcome of using too highly 
concentrated a suspension, resulting in the carrying down of the smaller
particles by interaction with larger material having a greater velocity
of fall. Conversely, the settling rate of the heavier particles would 
be reduced due to hindrance, the net effect being the production of 
sedimentation potentials corresponding to a far narrower distribution 
than in fact existed. Agglomeration may also have been partly 
responsible for the anomalous results, although it was not apparent to
any appreciable extent in samples of the suspension viewed under the 
microscope. A further complication exists due to the fact that a 
particle radius obtained from a microscope count, does not necessarily 
correspond to the effective radius determined from the rate of fall* 
Results from a 2.5% suspension of 320 mesh carborundum in 
a dilute potassium chloride solution are shown in table 28 and graph 
20. As in the case of the smaller material, the agreement is fair 
although the microscope count gave a wider distribution, presumably 
for similar reasons.
A further suspension was prepared containing a mixture of 
700 and 320 mesh carborundum, in order to determine the sensitivity 
■of the method in determining a distribution curve possessing two maxima# 
The results are shown in graph 21 and table 29* Two peaks were in fact 
obtained, but in order to reduce these to the same approximate 
magnitude on the graph, it was found necessary to use a weight function 
m^ rather than the usual expression for total number. However, owing 
to the sharpness of the distribution, the values of R corresponding to 
the maxima were independent of the type of graph used, and hence could 
be directly compared with the results obtained from the individual 
components of the experimental suspension. The values of R corresponding 
to the maxima in the different graphs are given below.
320 mesh carborundum (alone). R* a IO.Oji#
320 mesh carborundum (mixture). R* = 10# 7^ *
700 mesh carborundum (alone). R* * *+#0^ ,
700 mesh carborundum (mixture). R’ = ^.Ou.
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Where, R* s the value of R corresponding to a maximum in the 
respective distribution curve.
In order to obtain a more accurate comparison between 
experimental results and a microscope count, all further work was carried 
out on a sample of Pyrex spheres (page 163) using the apparatus shown in 
Fig. 10 (page 166). The greater electrode distance (*f0.0 cms.) enabled 
the concentration of particles to be decreased to 1,0% without loss of 
experimental accuracy, while at the same time considerably reducing the 
amount of particle interaction*
The experimental values are given in table 30 (page 187)* 
and shown as a weight distribution curve in graph 22 (page 188), together 
with results obtained from a microscope count. The peak values of the 
two different methods appear to coincide exactly, but overall the 
distribution resulting from sedimentation experiments is noticeably the 
sharper, although not to the marked extent shown by the carborundum 
powder. This may well be due to the reduction of particle interaction 
and agglomeration resulting from the decrease in the concentration of
I
the experimental suspension.
It is shown on page 138 how the basic theoretical treatment 
can be extended to give an equation corresponding to a cumulative under­
size distribution of a particular powder.
Dt - * §  = - ah0Mr •
Assuming hQMr is very small compared to HqM^ , then -
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V\Fhere c aH a constant
The values for the above function for the 700 mesh
carborundum are given in table 31 (page 1^9)» and the corresponding 
cumulative undersize distribution curve is shown in graph 23 (page 190). 
This is linear over the range of particle radius considered, and can 
consequently be used as a check on the validity of the theoretical 
derivations, since the distribution can now be represented by the 
following equation -
AR + B (1)
C (2)
t'
Where, A and B are constants, and C is constant under the
conditions of the experiment
-2Multiplying (2) by -t , ,
(3)
Integrating with respect to t
t <*0
Where F a constant
Therefore, f  %  + B + Ft.
17*f
Now,
Where, 
Thus, 
Where,
Therefore,
A 1.10^ x 1.23*f x 100 
50^xt^
Dt
A = 
B a
D,
t is in minutes.
3 7. V2 x
v
slope of experimental graph = -5*00.
3*72 x 5*00 = 18.60 (3*72 is the intercept).
- _ + 18.6O + Ft.
In
%When t = 22.0 mins., = Oj.. and t = f^.690.
Therefore, F = -0.277.
Hence D. -_0*277t + 18.60.
t*
The expected sedimentation potential can thus be calculated 
for various values of t, and compared with the potentials actually 
measured experimentally. Table 32 (page 191) illustrates the good 
agreement between the two sets of figures, and thus serves as an 
indication of the validity of the method and its associated equations.
00O00
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Conclusions♦
Preliminary investigations have indicated that 
sedimentation potential measurements can be sucessfully used to 
determine the particle size distribution of fine powders* In addition, 
a cumulative undersize distribution can be obtained where required.
An advantage of the method lies in the fact that no 
knowledge at all is required of the system, except for the variation 
of the potential with the time of sedimentation. It would nevertheless 
appear necessary to use very dilute suspensions in order to avoid 
particle interaction. It was found that all experimental results showed 
a much sharper size distribution than indicated by a microscope count, 
even in the case of the Pyrex spheres. However, this may be due to 
particle interaction resulting from the use of too high a proportion 
of solid in the experimental suspensions, since reduction of the 
concentration from approximately 3% with the carborundum, to 1% with 
the spheres, gave better agreement between the two methods.
It would appear profitable to conduct a series of 
experiments in varying concentrations of the same sample of spheres.
By increasing the electrode distance to 100 cms. satisfactory potentials 
could be obtained from concentrations as low as 0.1% by volume*
Comparison with size distributions determined by methods 
other than a microscope count would also prove very useful.
ooOoo
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TABLE 2£.
Results Obtained from the Sedimentation of 700 Mesh Carborundum,
Time t  
(mins.)
Run 1 
(divs.).
Run 2 
(divs.).
Run 3 
Dt (divs.).
1 .0 -0 .25 o;o - 0.2
2.5 +0.7 +0.45 +0.45
4 .0 +0.05 +0.3 +0.3
5 .5 -1 .25 - 0 .8 -0 .95
7 .0 -2 .15 -2 .35 -2 .25
8.5 -3 .2 -3 .9 - 3.60
10 .0 -4 .55 -4 .85 -4 ,3 0
11.5 -5 .4 -5 .65 -5 .25
13 .0 -6 .5 -6 .15 -5 .5 0
14.5 -6 .75 -6 .35 - 6.10
16 .0 -6 .95 -6 .5 - 6,30
17.5 -7 .2 - 6.85 -6 ,5 5
19.0 -7 .35 -7 .2 - 6.80
20.5 -7 .7 - 7 .1 -7 .25
22.0 -7 .4 -7 .1 -7 .3
23.5 -7 .2 -7 .05 -7 .4
25 .0 -7 .25 -7 .15 -7 .4
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TABLE 26.
Results obtained from the Sedimentation of 700 mesh Carborundum.
. Time t 
(mins.)
dD ,
V dt' 
(divs/min.)
10 0.589
11 0.519
12 0 .H 3
13 0.3^7
Ik 0.292
15 0 . 2M+
16 0.181
17 0.136
18 0*116
19 0.068
20 0 . 0^8
21 0.029
22 0.018
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TABLE 27.
. I
Results obtained from the Sedimentation of 700 mesh Carborundum*
' !
R2 = = 125,42.x 1.104^ (page i69)j
2g(^2« 51)60t 60t
i !
■
Where, R = particle radius tyi), H = 7*2 cms.
time of sedimentation (mins.)» V = 0.0317*
^ = 0,01 poise, ^ 2  = 3*17 grms./cc.
Time t 
(mins.)
Radius R
go
d2P
dt2
4,4 d2P 
2dt
.4 d2D 117 
* ^ 7 X395S
11 5.30 0.0814 1192 35.4
12 5.08 0.0759 1574 46.8
13 4.88 0.0684 1954 58.1
14 4.70 0.0619 2378 70.7
15 4,54 0.0542 2744 81.6
16 4.4o 0.0495 3244 96.4
17 4.27 0.0422 3525 104.8
18 4.15 0.0358 3758 111. 7
19 4.o4 0.0286 3727 110.8
20 3.93 0.0246 3936 117.0
21 3.84 0.0154 2995 89.0
22 3.75 0.0016 365.4 10.9
The factor is used in order to convert the experimental maximum to
the same value as the peak obtained from the microscope count.
GRAPH 19.
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TABLE 28.
Results obtained from the Sedimentation of 320 mesh Carborundum.
, 9„ H(1 + 6.875V)108 123^ 2 x 1.0832
(page 169) R = — 2--------------  =  ,--------
2g(^ 2- ^ 1 )t t
Where, R = particle radius (^ ), H = 7.2 cms.,
t = time of sedimentation (secs), V = 0.025»
1
^ = 0.01
2
poise, 
3
= 3.17 grms./cc.,
** 5
Time t 
(secs)
Radius R
W
dfD
dt2
A  d2D ,n«6 t — x 10
dt
W  x ±2Z_.
2^50
30 2kA 5.9^ ^.82 0.25
>5 19.9 7.37 30.2 1.57
60 17.2 12.7 : 165 8.55
73 15.3 11.0 3^8 18,1
90 lhil 7.18 h7l 2kA
105 13.1 5.73 696 36,1
120 12.25 5*00 lO^ fO 5^.0
133 11.5 *f.l5 1380 71.6
150 10.9 3.39 1715 89.O
165 10 A 2.92 2160 112
180 9.97 2.33 2^50 127
195 9.39 1.6h 2370 123
210 9.23 0.76 1^85 77.0
The factor is used in order to convert the experimental maximum
to the same value as the peak obtained from the microscope count.
GRAPH 20
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TABLE 29.
Results obtained from the Sedimentation of a. Mixture of 200 and 320 mesh
Carborundum.
Where,
R H 10
8 123.42.
2g( {> 2- ^  1)60t 60t
(page 169).
R = particle radius (jul ), H » 7,2 cms
t = time of sedimentation (mins.),
^ = 0.01 poise, ^ 2 = 3*17 grms./cc.
No correction made for particle interaction*
Time t 
(mins.)
Radius R
W
d2n , '
dt t ^ d t 2.
0.75 18.4 0.398 1.94
1.0 15.9 4.76 4.76
1.25 14.2 6.46 11.3
1.50 13.0 ,8.25' 22.7
1.75 12.0 7.60 30.8
2.0 11.3 5.84 33.0
. 2<25 10.6 5.22 39.6
2.50 10.1 2.07 20.5
2.75 9.61 .0.550 6.90
3.0 9.20 ,0.469 ‘"7.31
3.5 . 8.52 .0.357 - 8.20
4.0 . 7.97 0.285 9.12
5.0 7.13 0.285 15.9
6.0 . 6.50 0.217 19.1
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TABLE 29 (cont.).
Time t 
(mins•)
Radius R 
< / * ) .
a2D / 2
xdt 2'  dt
7 .0 6.02 0.143 18.5
8*0 5.63 0.123 22.6
9.0 5.31 ; 0.122 29.6
10.0 5.04 ..Tj 0.112 .......35 A
11.0  .... . , 4 . 8 0  ... 0.110 ..4 4 .2 ......
i 2 .o : : : 60....1 ' 0.102 50.9
.... i 3 .o .: k.k2 0.100 60.9
• 1^ . 0 ' IT ' 4.26 0 . 1 0 6 " .... 77.7
....15 .0  .... '..4.11........ 0.077 67.1
16.0  ..... 3 .9 8 ...... 0.062 . 63.5
17.0 3 .8 6  .... .. p. o68; 81.0
......18 . 0. ..r V 3.76 0.051 70.1
...  1 9 . 0 ..... 3.66 0.051 80.3
2 0 .0 ... .... 3.56 ..... 0.039  ■ 6 9 .8 .......
... 2 1 . 0 ........ ;. 3 .48..... : 0.032 64.7
.....22.0 !.... 3 .4 0 ...... 0.011 25.0
GRAPH 21.
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TABLE JO.
Results obtained from the Sedimentation of Pyrex Glass Spheres.
2 9 7> H 108 3962
R =--  *-------  s ------ (page 169).
2g((^
Where, R = particle radius (jx) t H = 42 cms.,
t = time of sedimentation (mins),
Vj = 0.01 poise, = 2.235 grms./cc.,
No correction was made for particle interaction.
1 2 • 3 4 5
Time t 
(mins)
Radius R 
ijx).
d2D
dt2
A &  x 10-2
dt
(4)
x 2.207.
10 16.2 36.3 115 254
;■ 20 11. 4 36.3 648 1430
30 9.33 23.2 1140 2516
4o 8.08 17.3 1750 3862
50 7.24 13.2 2340 5164
60 6.60 10.7 2980 6577
70 6.11 8.5 3480 7680
80 5.72 6.4 3660 807 8
90 5.39 4.6 3540 7813
; 100 5.11 2.8 2800 6180
110 *+.87 U 9 2410 5319
The factor 2*207 is used in order to convert the experimental maximum 
to the same value as the peak obtained from the microscope count.
GRAPH 22 188
WEIGHT SIZE DISTRIBUTION OF PYREX SPHERES ,
771 Rx IO
A
-3
7-
4
X microscope count
O  experimental results
O  2 4 6 8 IO 12
RADIUS
189
TABLE 31.
Figures for a Cumulative Undersize Distribution Curve calculated fromIT" 1 l' ‘r '■ ' 11 ' " '”"r ~^~n~
the Results obtained from the Sedimentation of a. Sample of 700 mesh
Carborundum. . ..
l>t - t = aHQMR (page 172).
Where, 0^ R * mass of all particles per unit volume of
suspension having a velocity less than -- cms./sec.
. v
H = 7*2 cms., t = time of sedimentation (mins.).
R ss radius of particle, calculated from equation 1
i i l
shown in table 27*
Time t 
(mins•)
Radius R
< f . >..
dD,
dt Dt tdD/ t 'dt Df tdD/dt
11
11 /
5.30 0.519 -2.11 5.71 -7.82
12 5.08 0.443 -1.53 5.32 -6.85
13 4.88 0.347 -1.23 4.51 -5.74
l2* 4.70 0.292 -0.925 4.09 -5.02
15 4.54 0.244 -0.67 3.66 -4.33
16 4.40 0.181 -0.48 2.90 -3.38
17 4.27 0.136 -0.32 2.31 -2.63
18 4.15 0.116 -0.21 2.09 -2.30
19 4 • 04 0.068 -0.11 I.29 -1.40
20 3.93 0.048 -0.07 0.96 -1.03
21 3.84 0.029 -0.025 0.61 -0.64
22 3.75 0.018 0 0.40 -0.40
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GRAPH 23.
CUMULATIVE UNDERSIZE DISTRIBUTION 
CURVE OF 7 0 0  MESH CARBORUNDUM.
X X t
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TABLE j>2.
Comparison of Experimental Results with Values Calculated from the 
Linear Undersize Distribution Curve Obtained from the Sedimentation of
700 Mesh Carborundum,
Time t 
(mins.)
V
(exptl.)
V
(calc.)
H -2.11 -2.0
12 -1.53 -1.6
13 -1.23 -1.2
Ik -0.925 -1.0
15 -0.67 -0.7
16 -0.48' -0.5
17 -0.32 -0.3
18 -0.21 -0.2
19 -0.11 -0.1
20 -0.0 7 -O’. 05
21 -0,025 0
22 0 0
References*
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